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DEFINITIONS OF UNIT SYMBOLS 


Btu: British thermal unit 

*C: degrees Celsius 

Ci: curie (unit of radioactivity) 

cm: centimeter 

d ; day 

dB: decibel 

dBa; decibel, adjusted 

*F: degrees Fahrenheit 

g : gram 

GHz; gigahertz (10^ cycles per second) 

GW: gigawatt (10^ watts) 

h ; hour 

J : joule 

kg: kilogram (10^ grams) 

kJ : kilojoule 

km: kilometer 

kV : kilovolt 

kW ; k i 1 owa 1 1 

kWh; kilowatt-hour 

L: liter 

lb: pound 

m; meter 

mL: milliliter ( 10“^ liter) 

mW; milliwatt 

.4eV : mega electron-volt (10^ electron-volts) 

MW: megawatt 

KWe: megawatt (electric energy) 

MWt ; megawatt (thermal energy) 

MW-yr: megawatt-year 

urn; micrometer ( 10“^ meter) 

N: newton (unit of force) 

N/m2 : newton per square meter 

Pa: paacAl (unit of pressure: 1 Pa “ 1 N/m^) 

Q : quad ( loi 5 u ) 

s ; second 

t; metric ton (1000 kilograms) 

T; tesla (unit of magnetic force); also English ton 

W ; watt 

yr: year 
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EXECUTIVE SUMMARY 


The SPS Concept Development and Evaluation Program (CDEP)^ was eatab- 
liahed by the Department of Energy (DOE) and the National Aeronautics and 
Space Administration (NASA) to generate information by which a rational 
decision could be made regarding the direction of the Satellite Power System 
(SPS) program after fiscal 1980. The four functional areas within the joint 
DOE/NASA CDEP are as follows: 

• Systems Definition: development of the SPS reference 

system design. 

s Environmental Assessment: evaluation of potential 

environmental effects of SPS. 

• Societal Assessment* evaluation of potential societal 
effects of SPS. 

• Comparative Assessment: development of a comparative 

data base on the SPS and six other energy technologies. 

The results of the first three activities are inputs to the comparative 
assessment process as well as independent program assessments. 

This report concerns the comparative assessment portion of the CDEP. 
The objective of the comnarative assessment is to develop an initial under- 
standing of the SPS with respect to a limited set of energy alternatives. 
This is consistent with the overall CDEP objective, that is, to determine 
w.iether or not the SPS concept is sufficiently attractive (presenting no 
insurmountable barriers) to receive further research investment. 

In all comparative assessments it is vital that the assumptions, 
uncertainties, and significant differences between the systems being compared 
are clearly and objectively presented. Otherwise, the comparison may prove 
useless for making meaningful decisions. The key assuPiptions and ground 
rules made in this report are as follows: 

1. The baseload electric generation technologies arc pro- 
jected to be on line in the year 2000, with an approxi- 
mate availability date of 1990. Further, the R&D base 
and the infrastructure are assumed to be in place when 
required . 

2. All data are traceable to publicly available information. 

3. Each technology is treated as an independent variable. 

For example, if coal costs go up or down, the costs of 
the other technologies are assumed not to change for the 
same reasons. 

4. When no historical data or basic reports were available, 
the analysts have specified the conditions they have 
chosen and presented their rationales for doing so. In 
cases where the chosen conditions have favored or dis- 
favored a technology, the analysts have stated th“ bias. 


The SPS, fusion, and central-station terrestrial photovoltaics technol- 
ogies have received less engineering design and R&D than the other tech- 
nologies examined in this assessment. Therefore, they are subject to larger 
uncertainty as 'fell as greater optimism. Furthermore, the life cycle costs of 
these three technologies are reduced, since the R&D and infrastructure costs 
are not addresseJ explicitly, in keeping with the second part of the first 
assumpt ion . 

The third assimption tends to exaggerate cost overlap, but taking 
correlated character i it ics into account was not feasible in this study except 
in a theoretical way. The choices nade under the fourth assumption terd to 
favor the two solar technologies and fosion. 

The intent of the data derived under these assumptions is to compare 
SPS to each of the other six technologies, or to subsets of the six, or to 
all six technologies together. The limitations resulting from the assumptions 
preclude other comparisons. Within these assumptions and ground rules, the 
six limited but representative energy technologies were selected, character- 
ized, and documented. These data were normalized to unit bases, such as 
dollars per megawatt or environmental residuals per megawatt, and alternative 
futures were compared (i.e., possible technology mixes, supply and demand 
cases, and resultant environmental, resource, and cost uncertainties). 

The technology alternatives selected for comparison with the SPS were 
limited to the following; 

• Imp-. i conventional coal technology 

• Light water reactor (LWR) 

• Coal gasification/combined cycle (CG/CC) 

• Liquid-uietal , fast-breeder reactor (LMFBR) 

• Central station, terrestrial photovoltaic (TPV) 

• Fusion (magnetically confined) 

These selections were considered to be the most representative set of year- 
2000 energy technologies for comparison to the SPS reference system. It 
should be noted that the selections were not made by DOE, but by the Concept 
Development and Evaluation Program. 

A six-step comparative methodology is described briefly in this 
report and more thoroughly in a companion report. ^ This assessment included 
only five of the six steps (i.e., selection of alternatives, issue selection, 
system characterizations, side-by-side analysis, and alternative futures 
analys is ) . 

This assessment represents an update of the preliminary side-by-side 
comparative assessment^ and has added an alternative futures analysis The 
update includes changes in the technology descriptions as well as improvements 
in the comparative analyses. 

Included ir. this document are a brief description of the compara- 
tive methodology, brief characterizations of the alternative technologies , 
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side-by-side comparisons in selected issue areas, alternative futures analysis 
for three different scenarios and most issues, and conclusions on the compara- 
tive viability of the SPS technology. 

The issue areas used for comparisons were (1) cost and performance, 
(2) health and safety, (3) environmental welfare, (4) resources, (5) macro- 
economic and socioeconomic, and (6) institutional. The comparisons vere 
performed for technologies that are at different stages of development -- 
current, near-term, and advanced — and which therefore have different degrees 
of information available (e.g., actual vs. projected construction data). 
Table I lists experience and uncertainty levels for the technologies evaluated 
in this assessment. Capital cost uncertainty factors and cost uncertainty 
issues are also listed. These cost uncertainty factors were developed on the 
basis of existing relevant documentation and on the judgments of the assess- 
ment participants. 

AS stated earlier, the information presented and developed in these 
comparisons has been derived from published research and information found in 
the literature for the various technologies. However, in some instances, data 
have not been available from such sources, and it has been necessary to 
develop these data either through analysis or on the basis of engineering 
judgment. In these instances, the rationales are explained and the inherent 
uncertainties duly noted. 


Tab le 1 

Developmental 
Selected for 

Status of the 
Com par ison 

Technologies 


Units 

Capital Cost 

Cost 


in 

Uncertainty 

Uncertainty 

Technology 

Operat ion 

Rat ing 

Issues 

Convent ional 

Coal 

100 

2 

Fuel, ECT« 

LWR 

50 

2 

Fuel, ECT 

CG/CC 

5 

3 

Fuel 

LMFBR 

5 

3 

Fuel, ECT 

TPV 

0 

k 

Mc'terials, cell 
ef fic iency 

SPS 

0 

4-5 

Materials, ECT, 
Space Transport, 
and Construction 
O&M 

Fus ion 

0 

4-5 

Materials, Con- 
tainment Design, 
ECT 


^ECT - Environmental Control Technology. 
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Cost and performance characterization dnta for the alternative tech- 
nologies are presented briefly in Sec. 3 and form the basis for the com- 
parisons that are reported in Sec. 4. Cost data for the SPS were obtained 
from NASA-sponsored Boeing and Rockwell systems design efforts. Cost esti- 
mates for the alternative technologies were developed from reference design 
reports . 


ALTERNATIVE TECHNOLOGY CHARACTERIZATIONS 

Six alternative technologies were selected for comparison with the 
SPS; their major characteristics are displayed in Table 2. The general 
approach was to review a broad segment of the recent technical literature 
concerned with the characteristics of the individual technologies and their 
accompanying fuel cycles. This data base of information was then synthesized 
into the alternative technology reference characterizations by adapting the 
data into internally consistent energy and materials balances for each 
of the systems. Where appropriate, a nominal generating capacity of 1250 MWe 
was selected for the reference technologies. Only the terrestrial photo- 
voltaic and fusion systems differ frcm this nominal capacity due to special 
considerations unique to ea h system. 

An integral part of the energy and materials balances was the deter- 
mination of natural resource requirements such as land, water, fuels, and 
other raw materials, and the determination of environmental residuals includ- 
ing air-borne emissions, liquid effluents, and solid and radioactive wastes. 
These parameters have been estimated for the main plant site and for major 
elements of the respective fuel cycles. 

The final step in the characterization procedure was to estimate the 
capital construction costs, labor requirements, and annual nonfuel operation 
and maintenance (O&N) costs for each alternative reference system. Detailed 
lists of equipment, materials, and site labor requirements from the Energy 
Economic Data Base (EEDB) and other major references were used as the basis 
for estimating the direct and indirect capital construction costs and con- 
8truv.tion labor requirements for many of the systems. For technologies not 
included in the EEDB, similar data from other major references was used. All 
costs are presented in 1978 dollars. 

Direct capital costs include the costs of all materials, components, 
structures, and direct labor necessary for construction of the reference 
facility at the plant site. Indirect costs include temporary site construc- 
tion facilities, payroll insurance end taxes, and other construction services. 
Excluded are items sensitive to the particular policies of individual utili- 
ties, including owner's costs, fees and permits, interest on construction 
funds, contingency funds, and price escalation during construction. 

Nonfuel O&M costs were derived on the basis of labor requirements, 
disposal and materials handling costs, and other factors applicable to the 
respective technologies. Decommissioning costs for each of the nuclear 
systems are also included. Fuel costs for each of the systems are scenario- 
dependent and will be estimated as part of the subsequent cost and performance 
analys is . 
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Table 2 


Major Characteriat ica of Alternative 
Central Station Technologiea* 


Characteriat ic 

Convent iopal 
Coal with 
Advanced 

LWR, 

Tsprovad 
Fuel Use 

OG/CC 

LHFBR 

TFV 

Magnet ic 
Conf inesent 
Fusion 

Major Feature 

Wei Isa n- Lord 

Fuel Burn up 

32 Fiaed-Bed 

Uranius/ 

Cell 

NUWMAR 


$02 Resoval 

50 HHd/kg U 

Gasifiers 

Thorius 
Fuel Cycle 

Ef f ic iency 
Like SPS 

Concept 

Nosinal Capacity (MWa) 

1,250 

1,250 

2 a 625 

1,250 

200 

2 a 660 

Heat Rate (Btu/kUh) 

9,546 

10,224 

8,865 

9,330 

NA 

10,835 

Conversion Efficiency (Z) 

35.8 

33.4 

38.5 

36.6 

14.2 

31.5 


Air Eaitiiont 
Plan!: Site 


BOj (T/yr) 

21,200 

- 

11,090 


- 

• 

MO, (T/yr) 

22,0C0 

- 

2,320 

- 

- 

- 

Pert iculatea 

250 

- 

200 

- 

- 

- 

Radionuclides (Ci/yr) 

- 

4, 100 

- 

155 

NA 

730. 

Fuel Cycle 

SO 2 (T/yr) 

290 

6,040* 

270 

6 

KA 

- 

HO, (T/yr) 

220 

1,600* 

205 

23 

NA 

- 

Part iculatea 

1,300 

1,550 

1,200 

1 

NA 

- 

Radionuclides (Ci/yr) 


95 

- 

409,500 

NA 

- 

Solids and Sludges 
Plant Site 

Dry Sulfur (T/yr) 

95,565 

- 

91,725 

- 

NA 

- 

Ash Sludge (T/yr) 

426,490 

- 

317,060 

- 

NA 

- 

Other (T/yr) 

18,400 

b 

18,600 

b 

c 

b 

Radionuclides (Ci/yr) 

- 

11,000 

- 

33,000 

NA 

9,000<* 

Fuel Cycle Solids (T/yr) 

113,600 

215 

105,650 

1 

NA 

- 

Liquid Effluents 
Plant Site 

Total Solids (T/yr) 

16,000 

1,330 

16,000 

1,330 

- 

c 

Radionuclides (Ci/yr) 

- 

405 

- 

482 

NA 

c 

Fue 1 Cyc le 

Total Solids (T/yr) 

5,220 

- 

4,850 

- 

NA 

- 

Radionuclides (Ci/yr) 

- 

1,500 

- 

c 

NA 

- 

Hater Use (10^ gal/day) 

70 

33 

13 

29 

- 

37 

Land Use 

Plant Site (acres) 

5U0 

500 

500 

500 

1,000 

500 

Fuel Cycle (acres/yr) 

250 

22 

235 

1 

NA 

- 

Labor Requireaenta 
Plant Construction 

(10® aan-hours) 

9.3 

15.5 

13.4 

i:.7 

1.7 

17.4 

Plant Operation (persons) 

259 

215 

336 

225 

26 

c 

Fuel Cycle (persons) 

650 

225 

605 

C 

NA 

- 

Costa (1978 dollars) 

Direct (10® 8) 

452.1 

486.0 

537.4 

702.9 

117.5 

1,533.2 

Indirect (10^ $) 

90.7 

197.1 

132.7 

262.6 

20 0 

628.6 

Total (10* $) 

542.8 

683.1 

670.1 

965.5 

137.5 

2, 161.8 

Total ($/kWe) 

434.2 

546.5 

536.1 

772.4 

687.5 

1,637.7 

0 6 M Coat (aills/kWh) 

3.1 

2.2 

2.7 

2.9 

3. 4/4. 6* 

7.3 

Operating Factor (Z) 

70 

70 

70 

70 

25.8/19.1* 

70 


NA: Not Appl iC4lbl€. ^Not 69ClMtcd 


teall or Negligible **After 10 yre of on-eite etorege 

•98X due to supporting power production *Valuea for Phocnix/Cleveland 

^Quantified in terse of Ci/yr 


♦Conversion factors: Btu x 1.06 ■ kJ ; T x 0.907 ■ t; gal x 0.0038 ” 

acres x 0.004 * km^ . 
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•U I'KHNA ! IVK h'UTMRKR SCENARIOS 


Since the objective of this comparative assessment is to compare 
t et Imo 1 Dj.' i projected for the post-2000 era, a great number of assumptions 
ire rei|uited. Most of these assumptions are highly uncertain and inter- 
depeiuieiit so that a single consistent set may not present the decision maker 
with an ade(]uate comparative perspective of the future. The alternative 
i'ltui in.tlvsis was chosen as a means providing a broader perspective of 
I'v .imotors that may describe the fuuure. The assumptions underlying the 
ilr.-niativo futiirt's analysis constitute a set of energy supply/demand futures 

1 ’ I c I ' n . 1 r i o s . 


Six ^;cenarios were created from a consistent economic model so that 
iiilt I h pc luliiic ies between economic assumptions were preserved. Scenarios were 
'’' I,', loci as ,1 means of exploring and analyzintt, not predicting, the economic 
en. ivv tut lire. The scenarios were selected to represent a plausible future 
well I, iiul no probabilities were assigned to any of them. Scenarios were 
selected to provide a comparative perspective on the negative and positive 
aspecis c)t demand and mixes of supply technologies in the post-2000 era. 

A model developed by Resources for the Future, Inc. (RFF)^ was selected 
i ’t this assessmeiL on the basis of several selection criteria -- sectoral 
detail, t'ndopenoiis treatment of both capital investment and final demand, and 
transterahle experience in the form of existing model runs covering the 
di'siitd I imo frame, 2000-2030. 

i'nc‘ CNF trajectory was selected for all scenarios. For simplicity, 
t hi • ilt iiMtivt" price elasticities of aggregate demand for energy were 

U ’ ' u . I I . , I , viz,, 

M 11: vh <'n>*rg\’ intensiveness, corresponding to low 
u i a s t 1 c i t y (-0.25); 

|- Intermediate energy intensiveness, corresponding to 
intermediate elasticity (-0.4 for residential and 
housing demand, -0.7 for industry, 0 for feedstocks); 

1 : how energy int ens iveness , corresponding to high 

elasticity (-0.75). 

Regarding constraints, two cases were selected; 

h: Unconstrained supply of coal and nuclear power; 

C; Coii'trained supply, due to health, safety, 

environmental, and other limitations on the rate 
of supply increase. 

The three price elasticities and two different constraints resulted in 
the deve 1 opmiMit of six scenarios. Each of these scenarios resulted in dif- 
ferent supply-demand patterns and different fuel (i.e., coal and nuclear) 
price trajectories. Three of these six scenarios [i.e., unconstrained high 

eiuMgy (UH), unc ons t r a ined intermediate energy intensity (Ul), and constrained 
intermediate energy intensity (Cl)] were selected for the alternative futures 
c omp.i r i sons . 
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COST AND PERFORMANCE 


Table 3 shows the nominal capital costa and capital cost uncertainty 
factors that were developed for the SPS and the six alternative technologies. 
The following three factors were considered to include the major capital coat 
uncertainties and were used to derixe the capital cost uncertainty ratios 
shown in Table 3. 

1. Uncertainty about future costs of materials, supplies, 
and labor necessary to construct powerplant facilities; 

2. Uncertainty about the future requirements and associated 
costs of environmental and safety equipment; and 

3. Uncertainty about the capability of technologies to 
perform as conceptualized. 

The analysis of the alternative energy supply/demand scenarios resulted 
in the range of fuel prices shown in Fig. 1. The range of coal prices seems 
to bracket forecasts made by others, and the light water reactor fuel price is 
similar to that in other projections. 

The capital cost ranges and scenario-dependent fuel prices were used 
to calculate levelized energy cost ranges for each technology. Table 4 shows 
the levelized energy cost ranges for the SPS and the six alternatives for 
scenario Cl (constrained coal and nuclear, intermediate energy demand). 
Sin:ilar energy cost ranges %Kre calculated for othe'. scenarios with similar 
cost ranges. These cost ranges were developed with independent reference 
costs so that the degree of overlap between coal and nuclear technologies and 
the SPS systems is not as large as shown in Table 4, because there is probably 
some correlation between the SPS cost base and coal/nuclear data bases that 
are not accounted for in these calculations. 


Tabic 3 Capital Cost Ranges for Technical 
and Regulatory Uncertainty ($/kW) 


Colts 

Coal 

Lvn 

CG/CC 

LMPBR 

TPV 

Fusion 

SPS 

1978 Costs (Noninal) 

549 

712 

690 

1037 

?44 

2378 

3340/3079 

2000 Costs 

Low 

547 

886 

813 

1291 

731 

2378 

3139/2874 

Nominal 

762 

1100 

95; 

1603 

1057 

3677 

3646/3362 

High 

1605 

2566 

2623 

:>048 

4229 

7 

16,698/ 

15,398 

Cost Ratios: 

2000 Low/1978 Nominal 

1.18 

1.24 

1.18 

, 1* 

0.87 

1.00 

0.94/0.94 

2000 Nominal/2000 Low 

1.18 

1.24 

1 18 

1.25 

1.45 

1.55 

1.16/1.16 

2000 High/2000 Nominal 

2.11 

2.33 

7 .7% 

3. 14 

•i.OO 

7 

4.58/4.58 


Table 4 Level ized Energy Cost Ranges for Scenario Cl* 


Cost, (1978) ■illa/kWh 

Technology Lov Noninal High 


SPS 


Si 

45.6 

52.1 

218.1 

GaAlAs 

42.3 

48.5 

201.7 

Coal 

Conventional, High-S 

- 

41.1 

54.8 

CG/CC 

- 

42.0 

69.0 

Nuc lear 

LWR 

- 

30.0 

53.8 

LMFBR 

- 

35.1 

90.9 

TPV 

36.6 

51.4 

195.7 

Fusion (NUWMAK)b 

- 

74.0 

- 


*This constrained scenario represents continuation and 
augmentation of current regulatory trends concerning 
emissions, health, and safety. The price elasticity 
of energy demand is assumed to be moderate (inter- 
mediate), which is considered the most likely situa- 
tion if constraints are maintained. 

^No range was established for the cost of energy from 
fusion . 


1978 

S/10*Blu 

4.00 

3.90 

3.00 

2.90 

2.00 

1.90 
1.00 
0.90 

0 

1980 1985 1990 2000 2005 2010 2019 2020 2025 2030 

Vsar 

Fig. 1 Fuel ’^e Projections for Different Scenarios 



xviii 



DEVELOPMENT COSTS 


BoclnE^ tsciaated devalopaent costs on tha basis of tha rafaranca 
syataai scanario, which pradicatas a 20-yaar davalopaant schadule and a 30-yaar 
daployaant schadula (for 60 5-GW satallitas). Thasa costs aaount to 9100-110 
billion and are broken do«m as follows (Pig. 2): 

a Reoaarch costs: aainly ground-based research to address 

envirorasental and social issues and alternative systems, 
resulting in a preferred systea; 

a Engineering: developawnt and testing of prototype sub- 

systeas, resulting in specifications for deaonstration 
units and production facilities; 

a Deaonstration: flight tests of a 100-200 MW unit inte- 

grated with a coaaercial network; 

a Investaent: developawnt of industrial infrastructure, 

e.g., transportation, photovoltaic, and klystron aanu- 
f ir ; facilities. 

'’onstrti *tion and iaplesMntation: the first 5-GW SPS 

fntc place. 

i.t ir. ifflpOt.'tant to note that f>'>^se cost estiaates assume that all 
effoi • specific to the SPS. The benefits from generic research or from 
cost s. iui (e.g., industry or other federal program support for photo- 
voltaics ’.lanu f .^ctur ing facilities) have not been considered. Such cost 
aodit .cations could amount to 50-702 of the $102.5 billion.^ 

Since comparable cost data for the other six technologies were not 
available, side-by-side comparisons of costs or of the benefits or disadvan- 
tages of public expenditures were not attempted. 


Ml* 



Fig. 2 Development Costs of the SPS 
(Source: Ref. 6) 
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HEALTH AND SAFETY 


The coeipariton of health and aafety aspects of advanced and current 
technologiea ia not poaaible on the basis of total quantified risk because of 
the uncertainties and unqusnt if iable inpacts for all the technologies, even 
current coal and nuclear technologies. The health and safety issues can best 
be sumarized as follows: 

e All the technologies will have distinct health and 
safety impacts. 

e It is difficult to quantify and assess the low-level 
and delayed impacts of all the technolo,^ies . 

Assessing the health and safety risks required three major tasks: 
detailed characterization of each phase of the fuel cycle; analysis of the 
magnitude of risk associated with each identified issue; and accumulation of 
riaks by technology, risk category, and generation scenario. Each segment of 
the energy cycle was considered, including component fabrication, plant 
construction, fuel extraction and processing, operation and maintenance, and 
waste disposal. In addition, an uncertainty index was assigned to each issue 
to reflect the uncertainty in the magnitude of the impact. Figure 3 shows 
the total quantified construction and O&M fatalities per MW/yr for SPS and 
five alternative technologies. 


(79) 



LWR CG/CC Lk»^BR TPV SPS FUSION 


Fig. 3 Total Quart if ied Construction and 
04M Fatal ilies per 1000 MW-yr 


XX 


Of the various systems considered, the coal technology has the largest 
overall quantified risk, primarily due to coal extraction, processing and 
transport, and air-borne emissions, although large uncertainties remain in the 
actual effect of the air-borne emissions. On the other hand, additional 
issues that are potentially major but remain largely unquant i f iab le vere not 
identified for the coal system. Quantified risks from the remaining tech- 
nologies (fission, fusion, SPS, and centralized terrestrial photovoltaic) are 
comparable within the range of quantified uncertainty. The occupational risks 
for component production, both direct and indirect, are a substantial fraction 
of the total risk, in particular for the advanced, capital-intensive solar and 
fusion technologies. 


ENVIRONMENTAL WELFARE 

Environmental effects not related to health and safety are classified 
here as environmental welfare effects, e.g., weather modification by carbon 
dioxide, materials degradation, electromagnetic interference with communica- 
tions, aesthetics, and noise. Welfare effects were identified at each part 
of the fuel cycle and were categorized by the environmental impact (e.g., 
air pollution) that produced the welfare effect (e.g., crop damage). In 
summary, each technology produces environmental effects that affect society in 
different ways. With the exception of the CO 2 climatic effects from coal 
combustion, all the technologies appear to be equivalent with regard to 
environmental welfare problems. 

RESOURCES/MACROECONOMIC/ INSTITUTIONAL ISSUES 

Three areas important in the comparative assessment of energy tech- 
nologies are resource requirements, macroeconomic effects, and institutional 
considerations. The scenarios (alternative energy futures) developed as part 
of the SPS Concept Development and Evaluation Program were used to provide 
another perspective on the land and water resources required; macroeconomic 
results followed from the scenario development activity. The institutional 
analysis, completed before development of the -:enarios, focused on regula- 
tory issues. 

Land, requirements were first derived on a normalized basis for each of 
the energy technologies. The land requirements (in km^ per 1,000 MW of 
installed capacity) used in this study are: 10 for coal, 3 for light water 

reactor (LWR), 2 for liquid metal fast breeder reactor (LMFBR), 20 for 
terrestrial photovoltaic (TPV), 35 for SPS, and 2 for fusion. These amounts 
include (where appropriate) land requirements for resource and fuel extrac- 
tion, processing, the power plant site itself, and waste disposal. Transmis- 
sion requirements are not included because they have been shown to be about 
the same for all technologies, particularly in view of studies indicating that 
60 SPS rectennas can be sited within 300 miles of a load center. Scenario- 
driven results shown in Fig. A for the 1980 to 2030 time period in .ate that 
total land use (excluding transmission) increases 0-500X without SPS and 
100-900X with SPS, whereas electrical energy demand increases 75-850X by the 
year 2030. The land required by SPS alone in the year 2030 is 2-6 tines the 
total land in use for electrical generation in the United States today. The 
availability of additional land for power plcnt sites has not been determined. 
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YEAR 


Pig. 4 Alternative Futures Analysis of Land Requirenents 


The need for large contigious areas, as tor SPS rectennss, is a further 
coaplicsting factor. 

Water use in x 10^/GW/yesr, is 22 for coal, 60 for LWR, 22 for 
LMFBR, 12 for fusion and negligible for TPV and SPS. Total water requirements 
for the three scenarios, with and without SPS, are shown in Pig. 5. Results 
indicate that deployaent of SPS can save large voluaej of water; in scenario 
Cl, SPS saves an or^unt equal to 40Z of the total used in 1980 for baseload 
electrical generation by coal and nuclear; in scenario UH, the saving is 170Z 
of today's total. 

Due to large uncertainties in determining the resource/reserve levels 
for both the United States and the world, the analysis of materials problems 
was less quantitative than the land and water analyses. i screening smthodo- 
logy included a reliance on imports as a criterion as %#ell as availability and 
total deoMind considerations. These screening fsctors identified galliia as 
being a SMterial of serious concern. Gallium is used extensively in the 
GoAlAs solar cell option for SPS. Also of serious concern is tungsten, which 
is used both in SPS and coal technologies. 

Net energy analysis shows that the payback period for most of the 
technologies studied is somH (less than l.S years). The payback periods for 
the SPS GaAlAs option, coal, rnd the nuclear options are about one year, and 
those for the SPS Si option and TPV (silicon cells) are about 6 and 2C years, 
respectively. Thus, the GaAlAa design sff> rds SPS with an option that 
compares fsvorsbly with conventional technologies on a net energy basis. 
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YEAR 

Fig. 5 Alternative Future* Analysis of Annual Water 

Consuapt ion for Baseload Electricity Generation 

hacroeconoaiic analyses included the .alculation of changes in GNP for 
the year 2000 and, in qualitative terns, the effect on inflation due to 
deploynent of the SPS. Using a target GNP of $3.7 trillion (all figures in 
1978 dollars) for the year 2000, deployment of 10 GW of SPS power will require 
$20 to $30 billion of excess investment compared to the least expensive option 
(coal). This is 10 to 15Z of $200 billion, the amount available for financing 
economic growth of about 2.3Z per annua. Compounded to the year 2030, such a 
reduction would result in a $200 to $500 billion reduction in the target GNP 
of $7 trillion. 

If uranium and coal fuel supplies are much more contrained than 
presently envisioned, then deployswnt of SPS would reduce consumption of these 
scarce items and possibly reduce their prices. This could in turn reduce 
total energy expenditures, as indicated in Table 5. For the UH and UI 
scenarios, SPS energy costs of about 40-50 mills/kWh would result in a 
breakeven from the point of view of total energy expenditures. 

The institutional analysis focused on the regulatory aspects of 
electricity generation by coal, nuclear, and the SPS. The technologies were 
characterized relative to one another, and justifications for regulation, the 
level of governmental responsibility, and the cost of regulation %#ere con- 
sidered. Studies estimate that the annual cost of regulating the nuclear 
industry is about $6 billion, versus about $3.4 billion for coal. In view of 
the changing regulatory environment (e.g., the decentralization movement and 
the growth of power on the local level), SPS regulatory costs may look more 
like nuclear regulatory costs than coal regulatory costs. Regulatory costs 
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Table 5 Net Change in Annual Energy Expenditures 
Due to thk SPS (1978 $ x 10^) 


Vear 


Scenario 

(mills/kWh) 


UH 

UI 

Cl 

60 

120 

60 

120 

60 

120 

2015 

8 

79 

4 

34 

-12 

11 

2025 

14 

132 

6 

56 

-20 

19 

2030 

16 

158 

8 

67 

-2 5 

23 


for SPS could be significant compared to SPS investment costs, particularly in 
a low deployment rate (3.3 GW/yr) scenario. 

CONCLUSIONS 

This comparative assessment analyzed each technology issue by issue 
(side-by-side analysis), and then evaluated the technologies, given different 
post-2000 economic climates and the economic trajectories that would lead 
t(^ those climates (alternative futures analysis). Conclusions were formed 
sep.irately for these two types of analyses and are summarized in the following 
tables. Tables 6 to 11 summarize the comparison among the seven technologies 
i s siie-by- is sue . Comparisons are described in terms of key issues, uncertainty 
about the understanding of those issues and a concluding comparative statement 
tli. 1 t cuts across all technologies for that issue area. 

Table 12 describes the six mixes of technologies that were analyzed in 
terms of meeting the energy demand for two different scenarios (i.e., UH and 
c:). Tables 13 and 14 summarize comparative conclusions about mixes of 
technologies from an energy supply/demand perspective. In these tables, the 
comparative analyses are described briefly, issue by issue, for each of the 
energy supply alternatives. 



€ 


System K‘y Issues Uncertainties Comparative Conclusions 







0) 


• 




9 






> 


•V 

4) 

1 

1 

X 






0 


4/ 

P 


(4 








c/5 

c 

<0 

o 

(0 t 

• 

• 

q 



« 


B 

• ^ 

CO 

Wi 

4j e ^ 

14 

V p 




c 

40 

s 

U-I 

^ 0 

a 

U O V ^ 

CJ 

^ S 

■V 



o 

CO 


4) 

(0 a 


« *^ > U-I 

CO 


> 



• •4 

4J 


*o 

0 

o> 

a 4 ) •'4 

a 

o x> 

q 



0) 

c 

0 


U 4/ 


g ^ 

a 

at o 

£ 



9 

CO 

u 

CD 

X 

P 

4) 1 

• *4 

Ou Vj 




e~-t 

> 

04 

CO 

U-I ^ 


> ? to 


a. 14 



U 

•o 


4) 

0 


^ ^ 0 

4^ 

►. 

o 

• 

CB 

c 

CO 

• 

•-4 

CO 

• 

> i-i ^ 

X 

c -- 


c 

c 

0 


CO 


CD 'H 

>» 

CO 1 

u 

q q 


o 

0 

o 

X 

4J 

•o 

4J 

00 


a 

<0 

••4 

•#4 


4J 


c 

U CO 

o 


4J 

4^ 

U 


4) 

f-4 

00 

CO 

CO 


U ^ V 

U-I 

e c 

0 

3 

9 

> 

CO 

o 


ax 

o 

u 

■ p4 

U V 

•O 




4) 


4J 

a 

c 

•H o c c 

4J 

V 4J 


0 

u 

4J 

M 

o 

C 

X 

X 

a ^ 0 o 

c 

o 2 

14 

CO 

c 

V 


c 

4) 

4J 

o 


<0 

c o. 

CO 


0 

u 

0 

X 

Vr 

•o 9 

4) 

CO V4 4-» 4J 

9 

o 

X 

a 

o 

CO 

c 

u 

4) 

4) X 

■tJ 

cu « CO 3 

O* 

u q 

14 

c 


a 


4) 

U-i 

• p4 


CO i-i ^ 




4) 


e 

09 

4J 

U-l 

U-I 4J 

TJ 


o 

i-i n 

CO 

14 

> 

5 

CO 


•»4 

.p4 CO 

4) 

'SJ S 8. 

li 


a 

1 

• p4 


JS 


T3 

4J 4) 

•H 


•p4 

CO 

14 

4J 



4) 


c X 

•O 

CO 

4J 

^ CO 



CO 


CO 

X 

4^ 

CO OO 

9 

a 40 ^ 

^«4 

•»4 

u 

o 

Vi 


cv 

4J 

Vi 

9 

4J 

V CO C 

9 

«P 

o 

X 

CO 


CO 

o 

CO 

O' X 

CO 

CQ 

U 

.-1 p 

u^ 

CO 


C 


•9 


Vi 




>v • 

Vi 

CO 


4) 


4) 



• 

Vi CO 

44 



14 

ij 

X 



c 

14 14 

X * 


CO 

a 

3 

14 




CO CJ 

u c 

« 

4) 

4) 

JO 

O 


c 

CO 

9 to 

0 

4> 

• ^ 

U 




o 

14 

T3 a 

» a 

«p4 

u 

u 

c 

c 


•w 

U 

c a 

14 

14 

c 

CO 

o 

(0 


14 

04 

•»4 •— 4 

44 Vi 

c 

• ^ 


• »4 

X 


CQ 

U 


U 44 


CO 

14 

14 

14 


*p4 

c 

C 44 

CO U 

CO 

14 

0 

3 



t3 

9 

O 40 

a c 

14 

Vi 

c 


•o 


CO 


•M Vi 

CO 9 

Vi 

4) 



44 


Vi 

44 

14 CU 


V 

U 1 


r 

c 



U 

O f-4 

C 44 

u 

c 1 

f-^ 

a 




CO 

9 

0 Vi 

c 


• -4 


U-I 


4) 


*9 44 

to 

D 


14 

Vi 

V 

■ 

> 

CO 

0 > 

80 



CD 

• ^ 

•o 

CO 

44 

14 

U CQ 

u X 

A 



CO 


4) 


u 

ax 

U 14 

-« 


CQ 


4) 

9 

1 

CO 


CO ^ 

4) 


14 

U 

P 

CO 


a 

44 

a CO 

3 1 


CO 

o 

0 

CO 

O 

a 

P S 

a 44 

CO , 


a 

U-4 

a 

•H 

X 

•H 

P a 

M X 


0 c 

V4 


1 X 


U-I 



e 

• 




a 0 

O 

80 

CQ 14 


o 

CD 


• W 

80 




CD 

u 

44 





U-I 

CQ 

«J 

1 



C U 

9 

9 

9 ^ 


c 

CQ 

0 

a 

U 

c 

CO 

14 

CQ 9 

X 

o 

rj 

CO 

o 

••4 



CO 


44 

44 



00 

U X 

14 

• *4 

Vi 

44 

44 

a 

CO 

• *4 

U-I 

14 ^ 

Vi 


0 CQ 

V 

14 

44 

U 

X 

a 

a 

14 

<0 


V 01 

•H kl ^ 

W 3 0) 

tl J-i £ 

u U u 

q (0 O 

g u-i 


c/: 

CD 


0 

14 


. 


X CO a 

*A 

9 


•H 



00 

> 

c 

• y 

• *-* 



44 

- 

a 



•9 

44 

O a 44 • 

q 

14 



•o 



CO 

q 

n 

U-I 

• 

T3 

9 

C 


o 

1-^ 

44 

Vi 

Vi a V4 

B 

u 

44 

o 

c 


44 

u 

B 

B 

• 

44 

C 

CD 

0 

Vi 

u 

< 

C 

<0 

a*^ u 00 

CO 

U 

14 

q 

u 

00 



q q 

14 

00 

CO 

CO 

*-4 

• — ^ 



•H 


^ o 8.^ 

«w 

U-I 

CO 



CO 

U 

U-I 

u 


c • 

CQ 


M 

14 

CQ 

c 


U-i 

CO 

O 

9 


00 

C 

U-I 

CO 

0 

C 


CO *o 

44 

X 


O 


• —4 

• 

44 

14 

0 -j o 


C 

80 

u 

o 




q 

O VU 

9 44 


14 

>^ 

CQ 

T? 

q 

CD 

•9 

U 

>-j £ q c 

c 

CQ 


0 


U-I 


c 

c 

»-> 0 

9* C 

44 


44 

*w 

C 

e 

11 

1 

CQ 

a £ jc 

o 

a 


14 

14 

0 

44 

0 

0 

a 

c 

Vi 

CO 

X 

14 

CO 


U 


a 

O 4J U 



44 

9 

O 


> • 

•.u 

a 

q 

^ p 


44 


X 


o> 

CQ 


a 

kl « 

14 

•9 

O 

X 

9 

44 

CO 00 

14 

e 

>. a 

C 

g 


0) C £ 3. 01 

O -U E 

(0 .u 4> 4) 

o CO 1^ o Vi 

u 4J CQ 4J 0 


CQ « o 

4j c CO 4; » 

« o -*J ^ 

O CO cw £ 

X <tj U CO 4J 


C -H |4 u ^ 4J 
CO U Vi 4J C U 

<0 CD CO CO 

U- -c C C C ^ tx 

O O O O 4» i 

C4-I 09 U O 3 


CO O ^ 

u 

4J *0 0) 

>: C V- 
U 03 CO 


.O CO 4) 

o B V 
Vi 4) r 
a M 3 


>> 

c 


Vi 




CO 

44 


<0 



c 


> 

u 

q » 0 < 



o 


C 

o 

^ p£ CQ 



•f- 

q 

o 


u 3 a 

> 

CO 

V 

0 

u 

o 

3 J X 

a 

a 

9 

O 


u 

Z w hJ 

H 

CO 

a 


Table 8 Environmental Welfare: Key Issues, Uncertainties, and Comparative Conclusions 


e 

o 

‘>■4 

9 

U 

c 

o 

u 

V 

> 


•I 

a 


c 

m V 

« 4J 

•= 8 . 


M-l 

•p4 m4 

■o ^ 

m 

m m 

< 4i 

£ c 
o o 

Wi 

O -H 

js e 
u » 

4J <4d 

o 

£ 

O « 
« V 

u « 


i3 £ 

o a 
ki o 

CL Li 
4J 
(S « 

82 

« 

V u 

«> 

• u 
m 9 

g 2 

M 

£ 

O « 

ki £ 
Q. U 


•o 

4j I at 

>. ki o > 

4B U 1*^ 4J 

•>4 & U O 4J i-l 

U -H • O -H 

•rt ^ a: c 9 

b ^ « £ 

LI « £ >1 

o B • • 

•I « B LJ £ »4 

^ 5 o •"< 

«l « C • B 

£ « B 

g >» O O LI 

•-4 Li ^ Q. « 

Li e 0.*>4 >« 

<L| O » « • 

-I m 

(S CO i-l « Li « • 

« B ** *o 

U B V Li ai 

c ai >• ai LI 

D O > £ LI « 


8-' 


9-4 0 
£ LI 

u ai 
« 9 £ 

•-I ■n Li 

m o 

••I L4 <Ll 


0 >*<C4 U 

Li e ai « 
a « o. 
B -4 o 

01 <H 

> U LI <o 

« o e e 

O. O » >L4 3 « 



I -"4 
£ 

u ai 
ai u 
LI e 
<e 

-s B 

tt O 


a* 


Li 

« ai ■ 
•H o. c 
■o ai 
►. > 
ai M o 

LI O tl 
» >-4 a 

<0 o c 
ts c 3 


CD **4 

e DO 

O 0 

•«4 

M LI C 

LI ai u •* e 

u u « h **c 

a a a 

CL c * LI 

S 3 04-S U 
i u a a 
i e LI u 
a o a u B 

> u ii « 9 

a a a 

g rt.a.!;' 

Li M a £ 

u • LI ^ ao 

a e a 

X w -I O £ 






0) 




B 



a 


Id 



• 

O 





fli 



V 




CD 

1 

S 



9 1 

K a 



CO 

e 



1 

CO < 

9 ** 



a . 

o 

« 


Li 

« 1 

1 u 


• 

Li 



a 

•ad 

a 


m CD 

a a 

•P^ 

9 


LI 

t 

B e. 


4j ^ 

B 

> 

« 


B 

0) ^ 

3 fl 

«0 

O 9 

TO a 

c 

CO 


•^ 

DO *• 

4 .p4 


m tt 

^d 

a 

•ad 



U d 

J 


Oa CO 

a £ 




U 

8 < 

s ^ 


6 

LI o 

LI 

0) 


•H 

sM •• 

4 a 

« 

• sd 

a u 

c 



LI 

a’g.S . 

M 

V 

a &• 

a 

« 


a 


V M 

» 

u 

Md 

• 

B 

1 

4 so a 

>s 

4J 4J 

a 

•ad 


•9 

60 

a 

O Li 


m 

C T) 

Mod 



a 

•pi 

II ^ 9 


8 « 

O u 

•ad 

s 

•ad 

B 


> e LI 


•sd U 

a 

c 


Md 

o 

a 

S U l4 


i-d « 

LI 9 

60 ^ 

•ad 

u 

u 

1 « 9 


u c 

a 60 

•ad 

(D 

iJ 

LI 

B < 

9 U 


•w 

•w a 

a 

id 

c 

u 

a 1 

u a *>c 


^ 6 

•O 'Ll 


c 

01 

a 

|4 1 

U > Li 


P * 

a a 

o 


•9 

l4 

•4 X £ a 


O T3 

P6 CO 

X 

s 

• pd 

u 


g 

4J 

« 

►l 


CO 


CD 

C 

O 


c 

> o 

-4 C O 

a o ^ 

Li 

a <4^ 
a 4 « 

t 4 os 60 

u S Pl 

> 

CO 

0 o o 

9 £ X 

(Li 

Pd 

U w o 

X £ 

H 

CO 


XXVI 1 


Fusion No significant issues 

uere identified because 
the technology is not 
completely defined. 


§ v o 
u « 
« W V 
C 9 h 
0 O 
u a U 
«) V 
■9 w £ 
e u 
ts u 0 
^ a 
4) 0 

a M as 

3 M 
o •-< . 

s x> w 
60 a, 

•pj 4) W 
W JC 
C u 

0 o 

u a <w 

V « 
60 C 3 
ki o a 
a a 

►J 4J -I 


■P4 c a 

> :g 

ki 3 i-l 
C 

a >ki 41 

kl O £ 
kl 4J 

a§ u 
.S'li £ 

Q. 

CO 4» CB 

CO U 
M H 
« 0^ 1-^ 
•H CL 

0) Q- 

8 ^ 3 
^ CO 
<a4 

X a ^ 
o a a 
k> Q 3 
O. a. u-i 


a 

>. kl 

a a o 


at 

4J 


(4^ 

to 


u 



• H 

c 

• 

0 CB 


CO 

CO 

C 


4J 

• >4 

at PC 

• a4 


c 


at 


c 

(0 

S 



0 


> 


•aH 

4J 

•-3 

kl c 

u 

•pH 

c 

at 


(0 

u 

►h 

■H o 

pM 

4J 

a 



4J 

at 

^ U 

a — < 

(0 

CO 

> 

1 


u 

u 

O. o 

C kl 

at 


a 



at 

c 

Ou «44 

a u 

X 

3 


at 

• 

u 

3 

3 

kJ 3 • 


00 

c 

c 

•3 

e 


(0 C 

c -o c 

at 

at 

a 

o 

C 

33 

at 


•H O ***^ 

> 

Vi 


N 

CO 


00 

e a 

kl a 

CO 


a 





i u 

>N a kl 



u 

Li 



(Q 

•« kl 

60 kl 

6 


•p4 

at 




c a 

kl -< a 

Li 

at 

3 

\u 

CO 



a u 

a y 

u 

U-i 

cr>ki 

Li 


0 

kl c 

c a c 

*p4 

CQ 

at 

3 

0 


z 

3 3 

(d y 3 

X 

(0 

Li 

J3 

4J 


CO 

C CO 


a a 

o 

kl 


o 

(0 

•H 


u c 

3 

a 


Li 

M 

8 

o- a 

a u 

60 

B 


a 


s 

Ck kl 


• ai 




U i-t 

3 iki 

TJ 

iJ 

a 


CO 

at 

3 C 

a a 

e • 

c 

a 

• 

3 

bC 

0 O 


a -a 

o 

o 

CO 

0 


u 

B TJ 

^■4 at 

u 

CO 

6 

•»4 


at 

3 a 

Vi > 



a 

Vi 


Li j: 


0) *H C 

at 



at 


at Li 

c 

00 3 ^ 

oo 

• 


CO 


4J 

a e 

Li O' 

Li 

a 

n 



CO CO 

kl -H 

CQ at CO 


« 

u 

o 


a -H 

S 

J w 


3 

a 

z 



c 

Vi 






OJ 

<0 




c 


> u 

at 

« PC 



o 

aH 

c u 


^ OQ 



•ai 

<0 

O 

u 

5 fe 

> 

C/3 

CO 

0 

u o 

3 

nJ X 

o< 


3 

u 


Z 

W hJ 

H 

to 

(K4 


1 


xxviii 


Table 10 Economic /Soc ietal Issues: Key Issues, Uncertainties, and Comparative Conclusions 



Table 11 Institutional Issues: Key Issues, Uncertainties, and Coaparative Conclusions 





a • « 

M e • 

ki 0 a 

a a 

U b 

e a u 

D ^ a 

s •o 

M 

s ^ 

et o 


a w 

s >. 

m ^ 

• 

>> a 

a o 

u 

m 


■H 

'S'^c 
a a o 

^ *a4 

a 

> • a 
a a b 
o e a 
M a 
a o 
e a 
0 a 'Q 

"O o 

u a 
a u 

1-4 O *> 

3 a 

tc^ c 


Wi •« O M 

a V4 u a 
a u 

a M a 
a b M 
u o 9 e 
a a o 

A u b 

8 9 a w 
o i4 a 
a 

- u 

V4 •« « a 
o a >o • 
4J e a 6 a 
a >.4 s e 
^<*4 14 o 

3 « « ^ 

00 ■« 4J ^ *J 


s & § 


tl «<'> 

s-4 a c 


c e 
«M 0 a 

O -4 h4 
4J 4. 

a a 
a 4J a 

* ^ I 

e k4 
e a u 

8 kl *>4 
44 B 




B >4 

V o-s a as 

> u a •> M 

B o 65 6s 

a o u 5 Z 

O U U 9 iJ iJ 

U >./ U SB 


to 

94 


to 


e 

0 

•04 

m 

9 

hi 



XXX 



Table 12 Energy Supply Opt lone 


Supply Option Description 

51 Conventional Conventional coal coabustion and coabined-cycle 

plants and nuclear LWRs with advancement to LNFBRs 
make up this supply option. Coal and uranium 
would be continually used in conventional systems 
until they are replaced by improved systems, e.g., 
combined'-cycle coal gasification and the LMFBR. 

52 Conventional fuel This supply option includes the use of coal, with 

utilisation plus SPS nuclear only in the form of the LWR, replaced 

by the SPS when fuel prices for uranium either 
rise too high or the resource is depleted. 

53 Conventional fuel This option utilises coal, with nuclear in the 

sources plus fusion form of both the LWR and LMFBR, and replace‘s these 

systems with fusion. If fusion is not available 
when the LWR fuels are running low, the ' MFBP. 
%K>uld be utilised until fusion technology is 
available. 

54 This is the same as 
Supply Opt ion 1 . 

55 Conventional systems Same as Supply Option 2. 

plus SPS. 

56 Conventional systems In this case since the energy demand is expected 

plus fusion to be low, only nuclear LWRs would be used until 

fusion would be available. Since the energy 
demand is low, it is expected thot .:he uranium 
fuel would last until fusion technology could be 
applied . 


xxxi 


Table 13 Evaluation of Energy Supply Options S1-S3 for Demand 
Scenario UH - Unconstrained, High Demand 


Scenario 
Energy Deaand 

Definition 

Energy Supply 

laaue 

Cnaparat ive Analyaia 

Electrical energy 

SI - Conventional Coal 

Energy Coat 

Low becauae coata of conven- 

deaand ia high 

(Cor.v. and CG/CC) 


t ional aourcea reaain relatively 

becauae coal and 



loweat of all acenarios . 

nuclear energy 

Nuclear (LWR, LHFBt> 



reaain relatively 

Continued uae of conventional 

Health k 

Puaaible iapart of further coal 

cheap. Regulation 

aourcea with iaiproved ayatewa. 

Safety 

uae and nuclear aafeguard iaaiiea 

inpoaitiona will 

LMPBR couKi provide energy 



not get much 

for aarv yeara. 

Environaental 

Welfare: CO 2 could bi*com«* a 

larger. Conaer- 


We 'fare 

problea after 2000. 

vat ion and aub- 




sitution do not 


Reaource 

Nonrenewable tiiel aupplies 

penetrate to a 



continue to be depleted. 

great degree. 






Economic/ 
Soc ietal 

Continued developawnt of coal 
mining and technology in western 
states . 


Inat itut ional 

Minimal impact becauae role of 
regulatory bodies will remain 
relatively constant. 

S2 - Conventional + SPS 

Energy Coat 

Higher energy cost than SI 

(Coal, LWR, SPS) 


because of depleting uranium 
stocks and the introduction of 
a new technology. 

Conventional ayateaa will 
be uaed until the SPS ia 
implemented . 

Health & 
Safety 

Many new health issues associated 
with SPS, but conventional prob- 
lems decreased. 


Environaental 
We 1 fare 

Potential CO 2 impact is nr., 
changed because of other uses; 
several new SPS issues. 


Reaourcea 

Increased land consumption, con- 
tinued uranium depletion. 


Economic/ 
Soc ietal 

New technology will affect the 
economy because of large invest- 
ments; western states could go 
through a boom/bust cycle with 
cost 


Inat itut ional 

A whole new set of interactions 
will develop because of SPS. 

S3 - Conventional ♦ Fuaion 

Energy Cost 

Higher than S', :ilightly 

(Coal, LWR, LNBFR, and 
Fua ion) 

Health & 
Safety 

than S2 . 

New radiation problems. 

Conventional syatems includ- 
ing aoae fora of breeder 
until fuaion technology ia 
available . 

Environmental 

Welfare 

Reaource 

Same as SI . 
Same as SI . 


Economic/ to S2 but probably not 

Soc iatal as great. 


Inst Itut ional 


xxxi i 


Nuclear fission regulatory bodies 
will probably handle fusion. 


Table 14 


Evaluation of Energy Supply Options S4-S6 for Demand 
Scenario Cl - Constrained, Intermediate Demand 


Scenario Def init ion 


Energy Deaand 

Envr':y Supply 

laauc 

Comparative Analyaia 

Elect ical energy 

S4 - Conventional 

Energy Coat 

High becauae of reatrained 

demand ia low 
becauac regula- 

(Coal, LWR, LK7BR) 


conventional aources. 

t ions and fuel 


Health i 

Better chan Si becauae of de- 

pricea have driven 

Becauae of low electrical 

Safety 

creaaed uae of conventional 

up the coat of 
energy. Conaer- 

demand, conventional aupply 
ayacema could be uaed for 

technologies . 

vac ion and ocher 

many yeara (i.e., fuel 

Environmental 

Not much different Chan SI. 

aupply fubfCitu- 
t iona are 

atrecchouc). Breeder could 
be implemented %ihen fuela 

Welfare 


aelected, thereby 
leaaening the 
demand for elec- 

are depleted (e.g., 2030). 

Reat <rce 

Depleting fuel supplies but at 
a low rate. 

trical energy. 


Economic/ 

Moderate development of Matern 



Soc ietal 

states . 


Inatitut ional 

Strong regulation. 

S5 - Conventional ♦ SPS 

Energy Coat 

Lower than S4 because replace- 

(Coal, LWR, and SPS) 


aient technology will hold down 
fuel prices somewhat. 

Becauae of low demand for 
electricity, SPS would not 
be required until later 
(e.g., 2020). 

Health S 
Safety 

Same as S2 . 


Environmental 

Welfare 

Same as S3. 


Resource 

Land consumption, depleting 
fuels . 


Economic/ 

Same as S2 but boom/bust would 


Soc ietal 

be less. 


Institutional 

Same as S2 . 

S6 - Conventional ♦ Fusion 

Energy Coat 

Lower than S4, maybe lesi than 

(Coal, LWR, LNFBR, and 


S5. 

Fusion) 

Health & 

New radiation problems. 

Because of low demand for 

Safety 


electr’ ity, fusion would 
nut be i'.eeded until later 

Environmental 

Same as SI . 

(e.g.. 2020). 

Welfare 



Resource 

Same as SI. 


Economic/ 

Similar to S2 but diminished 


Soc ietal 

boom/bust . 


Institutional 

Same as S3. 
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1 INTRODUCTION 


1.1 DACKGROUND 

The SPS Concept Developaent end Evaluation PrograM (CDBP)^ waa catab** 
liahed by the Departaent of Energy and the National Aeronaut ica and Space 
Adainiatration to generate inforaation froa which a rational deciaior. vOuld be 
aade regarding the direction of the Satellite Power Syatea (SPS) Prograa after 
fiacal 1980. The comparative aaaeaaaent program ia one of four functional 
areaa within the joint DOE/NASA CDEP . The other CDEP functional areaa are: 

e Syateaa definition: reference ayatea deaign, alternative 

and advanced concept deaign, and critical aupporting 
atudiea. 

e Environmental aaaeaament: evaluation of human health ari 

aafety, ecological, atmoapheric, and electromagnetic 
interference iaauea pertaining to microwave tranamiaaion, 
po%rer-line tranamiaaion, tranaportation activitiea, 
conatruction, and operation of the SPS. 

e Societal aaaeaament: evaluation of international iaauea, 

inatitutional iaauea (e.g., utility interfacing), reaource 
iaauea, and public outreach. 

The reaulta of theae th'’ee activitiea are inputa to the compara- 
tive aaaeaament proceas aa well aa to program aaaeaamenta. Theae four 
areaa form the baaia for the CDEP aaaeaament of the technical poaaibility, 
economic viability, and environmental and social acceptability of the SPS 
concept . 


1.2 OBJECTIVE AND APPROACH 

The objective of the aaaeaament ia to provide an initial, traceable 
and conaiatent compariaon of the SPS and aelected current, near-term, and 
advanced energy technologiea. To achieve thia objective, the comparative 
aaaeaament was divided into four parta: 

1. Energy alternativea characterisation: terreatrial 

alternativea were aelected, and their coat, performance, 
and environmental and aocietrl attributea vere apecified 
for uae in the compariaon with the S'*S in the post-2000 
era. 

2. Methods: the framework for comparisons was established. 

3. Evaluation: the SPS was compared with alternative 

systems in terms of key issues such aa life-cycle cost 
and environmental impacts. 

4. Management and integration: the results of the assess- 

ments %iere assembled and integrated into a consistent 
comparative assessment. 
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Dat« on alternative technologies were sought from previous research 
and from other comparisons, and data on the SPS developed by other parts of 
the program were evaluated and used for the comparative assessment. Traceable 
data were gathered on alternative technologies, evaluated, and normalized to 
some consistent power or energy level and then synthesized into a format 
convenient for comparison. 

A comparative assessment such as this cannot proceed without a large 
number of initial assumptions. Furthermore, group of technologies that is 
representative, for %diich data exist, and of a size reasonable for study must 
be selected from a larger set. These assumptions and technologies were 
selected on the basis of an objective selection procedure and the subjective 
judgments of the assessors and their program staff. The documentation of this 
assessment was prepared to provide the reader who strongly objects to some 
assumptions or data with ample information for reanalysis of the comparison 
with other data or assumptions. However, the many assumptions and data 
selections supporting this report were made carefully and thoughtfully. 

This final comparative assessment is a revision and expansion of 
a preliminary assessment and represents a culmination of the CDEP program 
in this area. Some of the information from the preliminary assessment 
has not changed either because it represented the best comparative information 
available on a particular issue or because the issue was not considered as 
important as others and was therefore de-emphas ized . The goal of the pre- 
liminary assessment was to gather some initial comparative information on a 
limited set of technologies. The objective of the present assessment is to 
finalize these comparisons on all key issues on the basis of state-of-the-art 
knowledge and to point out data deficiencies that affect the conclusions, as 
well as to add comparisons based on alternative future scenarios. 

The preliminary assessment^ evaluated six centralized baseload tech- 
nologies; conventional coal; light water reactor (LWR); coal gasification/ 
combined cycle (CG/CC); liquid-metal, fast-breeder reactor (LMFBR); central- 
station, terrestrial photovoltaic (TPV); the satellite power system (SPS); 
and fusion. For the final comparative assessment, some minor ..;odifications 
were introduced into this group of technologies; most notably, an improved 
emission control system for the conventional coal technology and an improved 
fuel utilization cycle for the LV/R were assumed. 

The technologies compared with the SPS in this assessment vary in their 
stages of development and, therefore, in their degree of definition. This 
variability was handled by qualifying the data wherever possible: for 

example, a technological uncertainty factor was applied to data used in 
the cof t and performance compariso:". 

The assessment framework or methodology is described briefly in 
this report and in more detail in a companion report.^ This assessment 
follows the structure of the first five steps of the methodology, but the 
sixth (integration/aggregation techniques) was not carried out. Instead of a 
formalized procedure for reducing the comparative information to a specific, 
condensed format for decision-making, the information is presented in its 
entirety; it was assumed that decision makers would use their own procedures 
for summarizing and evaluating the information. 
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All issues included in the aethodology taxonoay sre addressed in 
this assessment. Thr side*by-side assessment reported here is a normalized 
comparison (i.e., per unit of energy output, such as per megawatt year) 
based on assumptions about the economic conditions in the beginning of the 
21st century. This alternative-futures comparison defines plausible economic 
and energy futures and makes comparisons on the basis of the energy and 
economic climate pertinent to these futures. 

Reported in this docuiaent are a brief description of the compara- 
tive smthodolosy; brief characterizat ions of the alternative technologies; 
side-by-side comparison, by issue; alternative futures comparison, by issue; 
and conclusions about the assessment. 
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2 ASSESSMENT FRAHEWORIC 


2 . 1 OVERVIEW 

This section describes a framework for conparing the SPS with various 
(irojected alternative energy sources on the basis of technical possibility, 
economic viability, and social and environmental acceptability. A more 
detailed description of the approach and method used in the assessment is 
contained in the methodology report for the comparative assessment.^ 

The analysis in the comparative methodology is composed of the fol- 
lowing steps (Fig. 2.1): 

1. Comparative issues selection and organization. Key 
issues from the deploymenl <{ the SPS and the alternative 
systems are selected and organized into an appropriate 
taxonomy. 

2. Energy alternatives selection. Alternatives similar in 
utility to SPS are selected. Many possible issues and 
alternatives are examined, and these selections provide 
an initial focus for the remaining steps in the compara- 
tive assessment. 

3. Energy system characterization. The energy system 
characterization provides reference data on technology 
costs and performance, resource use, and environmental 
residuals . 

4. Side-by-side analysis of energy systems. Side-by-side 
analysis normalizes the energy output from each system to 
allow comparison of alternative technology impacts. 

5. Alternative futures analysis. The alternative futures 
analysis incorporates the results of the side-by-side 
impact analysis into future energy supply/deraand and 
state-of-the world scenarios that are not forecasts but 
are designed to examine specific issues and potential 
problems over a range of possible futures. 

6. Development and application of integrat ion/aggregat ion 
techniques The development of formal techniques for 
integrating and aggregating the large amounts of data 
and information provided by the analysis will aid the 
decision maker in formulating SPS program recommenda- 

t ions . 

Only the first five steps have been carried out in this comparative 
assessment. The following sections describe each of these six steps of 
the comparative assessment framework in more detail. 


2.2 COMPARATIVE ISSUES 


The selection of issues for the ccxnparative assessment must be guided 
by the idea that not only should the issues structure be general enough to 
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Fig. 2.1. Analysis Sequence for Comparative Assessmer.^ 


accommoGate different impacts that result from the alternative technologies, 
but it should also be specific enough so thut comparisons between technologies 
are feasible and commensurate. 

The classification system for the comparative a88e8sme-<t is sho%m in 
Fig. 2.2. The major issue categories are cost and performance, nvironmental , 
economic and societal, resource, and institutional. 

In the cost and performance category, the life-cycle cost and system 
performance are compared. The R&D cost comparison between technologies was 
not considered because of the inability to develop an acceptable methodology 
or accurate data. Life-cycle cost includes development, construction, opera- 
tion, maintenance, and decommissioning. Reliability is an example of an 
important system performance issue. The costs being compared are projected, 
and it is important to specify thr uncertainty in these projections so that 
conclusions can be drawn in perspective. 

Environmental issues aie divided into two subcategories: health 

and safety issues and welfare issues. Health and safety is subdivided 
into public and occupational issues. In this context, health refers to 
chronic iipacts (e.g., respiratory illness), whereas safety refers to the 
effects of a-cidents such as launch malfunctions, spills, and unexpected 
releases of hazardous pollutants. Welfare impacts are those that result 
from disruptions of the physical environment , such as damage to buildings 
from air pollution, degradation of radio-frequency communication due to 







Fig. 2.2. Comparative Assessment Classification System 


microwave interference, and changes in land value because of deployment 
of an energy technology. 

The economic and societal category is divided into two parts: macro- 
economic and socioeconomic. The macroeconomic issues deal with national and 
regional macroeconomic impacts (e.g., trade, GNP, capital availability, and 
employment'. Socioeconomic issues concern the monetary impact and social 
stresses on the localities where power systems are sited. 

Institutional comparisons deal with the effects of existing and 
potential institutions on the deployment of a technology (regulatory impacts). 
International institutional issues are addressed in terms of their regulatory 
impact on energy systems. The resource category includes five subcacegories : 
land, labor, materials, energy, and water. Here, key concerns include 
resource limits, production limits, dependence on foreign resources, and need 
for new skilled labor. 


2.3 SELECTION OF ENERGY ALTERNATIVES 

The technologies initially considered for comparison with the SPS 
listed in Table 2.1 include six fossil options, ten nuclear technologies 
(including two fusion options), five solar technologi_s, and three geothermal 
technologies. The list was narrowed to six technologies according to the 
fcilo:'»ing criteria: 

• Technical data must be available in suffi'~ient detail to 
allow adequate technical characterization and comparison. 


V 
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• The candidates must be central-station, baseload 
technologies . 

• The technology should be available for commercial 
application by year 2000. 

• Include improved current baseload technologies. 

• Include representative advanced technologies currently 
being engineered. 

• Include alternative (nonspace) applications of photo- 
voltaic solar energy technology. 

• Include alternatives that show potential as long-term 
energy sources after 2000. 

• Fuel must be available for a long period (e.g., 2000- 
2050). 

The energy alternatives selected %rere conventional coal with stack 
scrubber, coal gasification/combined cycle, the light water reactor, the 
liquid-metal breeder reactor, fusion, and the photovoltaic solar central 
station. Missing from this list are wind, biomass, decentralized solar (c.g., 
space heating and cooling, process heating and cooling, water heating; and 
photovoltaics for electrical energy production), and OTEC. These technologies 
were not included in the final list because they are not large central- 
stat ion-baseload options or they have only regional application. 


2.4 CHARACTERIZATICW OF ENERGY SYSTEMS 

Following the selection of energy alternatives and the preliminary 
selection of comparative issues, the reference energy systems were defined 
and described, and data on cost, performance, and environmental impact were 
collected from published sources for issue comparisons. 

The ground rules for this data collection included the following; 

• Characterizations should use readily available Information. 

• Characterizations should be performed and doc-jented by 
persons who are knowledgeable about alternative techno- 
logies and DOE programs. 

• Each technology characterization should be internally 
consistent . 

• The set of characteristics should be consistent enough, 
overall, to facilitate comparisons with the SPS coxtcept. 

• There should be enough inforiuctiun to allow adequate 
evaluation of issues (failing this criterion, a candidate 
technology may have to be dropped). 

2.5 SIDE-BY-SIDE ANALYSIS OF ENERGY SYSTEMS 

The objective of the side-by-side analysis is to compare the alterna- 
tives on the basis of single units normalized to the same power level, using a 
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Table 2.1 Candidate Alternative Technologies 


Fossil 

Coal-Steam, Conventional 

with Improved Environmental Controls 
with Atmospheric Fluidized Bed 
Pressurized Fluidized Bed 
Gas Turbine, Closed-Cycle 
Open-Cycle, Low-Btu Gasifier 
Open-Cycle, Synthetic Liquid Fuel 
Metal Vapor Topping Cycle 
Molten Carbonate Fuel Cell 
Mag.ietohydrodynamic , Open-Cycle 
Closed-Cyc le 

Nuclear Fission 

Light Water Reactor, Conventional 
with Improved Fuel Utilization 
with Mixed-Oxide Fuel 
High Temperature Gas-Cooled Reactor 
Advanced High Temperature Reactor 
Liquid-Metal, Fast-Breeder Reactor 
Gas-Cooled, Fast-Breeder Reactor 
Light Water Breeder Reactor 
Electronuc lear Breeder 
Fusion-Fission System 

Fusion 

Magnetic Confinement 
Inertial Confinement 

Solar 

Terrestrial Thermal 
Terrestrial Photovoltaic 
Ocean Thermal Energy 
Wind Energy 
Biomass Fuels 

Geothermal 

Hydrothermal 
Geopressur ized 
Hot Dry Rock 
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consistent set of ground rules for sll units. This wss the first anslytical 
step of the comparative assessment, and it entailed listing information (some 
detailed, some summary) for each of the energy systems. Information cate- 
gories cover the technical, economic, environmental, and societal issues 
mentioned earlier. 

Two important functions of the side-by-side analysis are: (1) pro- 

viding the decision maker and analyst with a normalized comparison,* and ^(2) 
functioning as an intermediate step between the technology characterizations 
and the alternative futures analysis. 

2.6 ALTERNATIVE FUTURES ANALYSIS 

The alternative futures analysis compared alternative energy-supply 
systems (i.e., alternative mixes of coal, nuclear, and SPS technologies) under 
different levels of energy demand (i.e., alternative supply— demand patterns). 
This analysis addressed synergistic impacts or those that result from aggrega- 
tion of single-plant effects. An integral part of the analysis was the 
creation of scenarios (e.g., statements about future supply, demand, life- 
style, resources, and regulation) to serve as inputs to other analyses. 

The primary objective of the alternative futures analyses was to 
provide a comparison of the impacts of alternative technologies under several 
different assumptions of future conditions. 

The following criteria were considered in the choice of scenarios 
that drive the alternative futures: 

• A limited number of scenarios should be used, and they 
should be credible and representative; 

• They must illustrate a suitably large range of alternative 
policies, and economic and social conditions (or at least 
those of major concern or interest); 

• They must not produce a flood of data that would tend to 
o\erwhelm analysts and the decision-making process; 

a They should highlight or identify major categories of 
issues for further analysis; and 

• Uncertainty should be included in a consistent and 
efficient manner, conveying useful information to the 
decision maker. 


*The term "normalized comparison" simply means that quantifiable impacts 
are expressed in amount of impact per unit output of electrical energy, 
e.g., per megawatt-year (MW-yr). Thus, a 5-MW system that provides energy 
continuously for one year and expels 1,000 tons of pollutants to the environ- 
ment in the process will be characterized by the normalized amount of 200 
(■ 1,000 T 5) tons of pollutant per MW-yr of electrical energy; similarly, a 
1 MW plant that operates for half a year and produces 50 tons of pollutants 
is assigned the normalized amount of 100 (■ 50 t 1/2) tons of pollutants per 
MW-yr. 
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Although a scenario must be plausible, it does not necessarily have a 
probability of occurrence associated with it, but instead addresses key issues 
and, perhaps, reveals other problems that result from specific future models. 


2.7 ASSESSMENT INTEGRATION/ AGGREGATION TECHNIQUES 


The objective of integration/aggregation techniques is to analyze 
and focus the data assembled for the comparison of SPS with terrestrial 
technologies. A further objective is to begin reducing the complexity of 
the decision-making problem (which is aggravated by the large amounts of 
supporting data for each technology) by using techniques such as formal 
incorporation of preferences. 


which 


There are a number of criteria for deciding the appropriate level at 
to carry out such integration/aggregation techniques. These include: 


a The number of measurement categories desired; 

• The number of alternatives desired, 

• The manner in which views of priorities are deter- 
mined, represented, and incorporated into the 

dec isiou-making process; 

• The use of uncertainty; 

• The degree of inclusion of interactions between 
variables and priorities; and 

• The suitability of the aggregated information for 
describing dynamic and time-varying conditions. 


The degree of appropriateness of any of these criteria is determined by 
the degree of quantification of variables and effects that is achievable. 
Cos t-r isk-bene f i t analysis, total social cost, minimum energy cost with 
environmental constraints, and decision analysis are some of the techniques 
that may be considered. These approaches are formalized techniques that 
require value judgments. Since these value judgments would mainly be those of 
the analysts, it was decided to present the comparative information in its 
entirety and permit the reader to use his or her ow.t values for arriving at 
any aggregate evaluation. 


11 


3 CHARACTERIZATIONS OF THE SPS AND ALTERNATIVE TECHNOLOGIES 


This section contains brief descriptions of each of the technologies 
considered. More detailed characterizations are contained in the SPS CDEP 
Reference System Report^ and in the alternative technology characterization 
reports. The objective of the technology characterizat ions was to collect 
and develop a consistent and traceable set of characterization parameters for 
the SPS and other possible post-2000 baseload systems. The characterizations 
represent "first-order" characteristics that define systems in sufficient 
detail for the cost and environmental analyses. 


3.1 SELECTION OF ALTERNATIVE TECHNOLOGIES 

The preliminary list of 29 technologies (Table 3.1) was initially 
screened according to two sets of criteria. The list was reduced to a 
subset of systems that were then further screened by more restrictive criteria 
to a final subset of alternatives. Decentralized technologies were excluded 
from the comparative assessment, since the focus was on baseload alternatives 
to SPS. A more detailed description of the technology screening and selection 
process is presented in another report.^ 

Initial screening was both qualitative and quantitative. The qualita- 
tive screening procedure included the following criteria for selection of an 
initial and representative subset of candidate electrical power generation 
systems : 

A. The initial set should include improved conventional 
systems (e.g., coal and LWR systems). 

B. It should represent the following classes of advanced 
systems ; 

1. Advanced coal combustion and synfuelo, 

2. Solar, 

3. Fission, 

4. Fusion, and 

5. Geothermal. 

C. It should include the principal energy systems most 
suitable for large, central-station baseload generation 
within each class of inexhaustible energy sources. 

D. It should reflect the consensus about which candidates 
are most likely to be viable in the year 2000. 

A group of qualified energy technology researchers was asked to judge the 
candidate technologies according to the listed criteria, and their choices of 
the most viable candidate technologies for the year 2000 constituted the 
qualitative screening selections. 

The quantitative screening technique explicitly considered five major 
technology factors and numerous subfactors (Table 3.2). The following 
criteria were used in the final alternative technology selection; 
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Table 3.1 Technologies Considered in Initial Screening 


Energy 

Source 


Convent ional 
Systems 


New Systems 


Exhaustible Resource Technologies 


Coal Coal-steam plants - Coal-steam plants with improved environ- 

with flue-gas oKntal controls 

desulfurization - Atmospheric fluid ized-bed cos•bu8^ion 

(AFBC) 

- Pressurized fluid ized-bed combustion 
(PFBC) 

- Low-Btu gasifier/open cycle gas turbine, 
combined cycle 

- Closed cycle gas turbine 

- Metal vapor topping cycle 

- Open cycle magnetohydrodynamics (MHD) 

- Closed cycle magnetohydrodynamics 

- Molten carbonate fuel cell with gasifier 
(MCFC) 

- Synthetic fuels for advanci^^l power 
cycles 

Fission Light water reactors - Light water reactors (LWR) with improved 

with once-through fuel utilization efficiency 

fuel cycle - Light water reactors with mixed oxide 

fuels 

- High temperature gas-cooled reactors 

- Advanced high temperature reactors 

Geothermal Dry steam - Liquid-dominated hydrothermal 

- Geopressure 

Renewable or Essentially Inexhaustible Resource Technologies 


Fission 


Light water reactors 
with once-through 
fuel cycle 


Geothermal Dry steam 


Solar 


Hydroelec tr ic 
Wood-fired steam 


Fission 


- Solar thermal electric with storage 

- Solar photovoltaic with storage 

- Ocean thermal energy conversion 

- Wind energy conversion with storage 

- Biomass fueled (other than wood-fired 
steam) 

- Liquid-metal, fast-breeder reactor 
(LMFBR) 

- Gas-cooled, fast-breeder reactor 

- Light water breeder reactor 

- Electronuclear breeder 

- Fusion-fission systems 

- Magnetic confinement fusion 

- Inertial confinement fusion 


- Hot dry rock (HDR) 


Geothermal 
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1. Technical data must be available in sufficient detail to 
allow adequate technical characterization and comparison. 

2. The candidates must be central-station, baseload tech- 
nologies. 

3. The technology should be available for commercial applica- 
tion by the year 2000. 

4. Include improved current baseload technologies. 

5. Include representative advanced technologies currently 
being engineered. 

6. Include alternative (non-space) applications of photo- 
voltaic solar energy technology. 

7. Include alternatives that show potential as long-term 
energy sources after 2000. 

8. Fuel must be available for a long period (e.g., 2000- 
2050). 

The details of the qualitative and quantitative screening procedures 
are reported in a supporting document.^ 


Table 3.2 Quantitative Screening of Energy Systems 


Factors 

Subfactors 

Technology Availability 

Technology Feasibility 

Fuel or Energy Resource Availability 

Regional Limitations 

Status of Development 

Economic Attractiveness 

RD&D Costs 

Capital and O&M Costs 
Fuel Costs 

Plant Availability and Reliability 
Utility Compatibility 

Environmental Impacts 

Air and Water Pollutants 
Land Use or Disturbance 
Public Health and Safety 
Reversible vs. Irreversible Impacts 

Critical Resource Requirements 

Energy, Materials 
Land, Water 
Capital, Manpower 

Socioeconomic Impacts 

Ec onomic 

Industrial Infrastructure 
Social 

Internat ional 
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The light water reactor (LWR) and coal technologies best satisfy 
the applicable criteria and thus were included in the final list of tech- 
nologies to be compared with the SPS. Only one technology, terrestrial 
pho t ovo 1 1 a ic s (TPV), meets the special crite»‘ion (No. 6) established to 
provide for a direct comparison of photovoltaics in space and terrestrial 
appl icat ions . 

The combined-cycle system had the highest rating of the three advanced 
coal systems and thus was selected for the comparative assessment. 

The liquid-metal, fast-breeder reactor (LMFBR), although controversial, 
has great potential, is close to demonstration, and has received worldwide 
backing; it was thus included in the comparative assessment. 

Fusion is a technology of high scientific interest and potential. 
Therefore, it was selected to fill a position as a baseload alternative, even 
though doe's Fusion Review Panel has stated that a date for a commercially 
competitive prototype reactor cannot now be established. 


3.2 BRIEF TECHNICAL DESCRIPTION OF ALTERNATIVE GENERATION SYSTEMS 

The characteristics of each of the alternative generation systems 
have been derived primarily through a synthesis of data and information 
obtained from available technical literature. The best self-contained 
system characterizations available in single documents were chosen as primary 
data sources. Where deficiencies were noted, available supplemental material 
was obtained or input from reviewers was solicited. 

In most cases, the available data are for nominal systems that differ 
in some respects from the reference alternatives chosen for comparison. 
Usually, these differences are a result of varying assumptions about system 
generating capacity, cooling type, or, in some cases, even the site or fuel 
characteristics. Thus, in some cases, the reference characterizations 
required engineering judgment to adjust data to the system capacities and 
basic assumptions being used. The subsequent analyses are generally not 
sensitive to small variations in the system parameters derived in this 
fashion. However, the analysis is broad enough to allow reasonable conclu- 
sions to be drawn. 

The parameters addressed in the system characterizations include 
those that relate to the physical system design and operating factors, 
capital and operating costs, reliability and availability, resource require- 
ments, and environmental residuals. Table 3.3 briefly summarizes the charac- 
terization parameters for the technologies. Studies conducted by TRW^ and 
United Engineers and Constructors^ provide the basis for the non-SPS tech- 
nical, environmental, and cost characterizations summarized in the following 
sections of this chapter. 


3.2.1 Satellite Power System 


The satellite po\’er system characterization is based on data available 
in the SPS CDEP Reference System Report,^ supplemented by additional studies 
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Table 3.3 Characterization Parameters for Plant Site and Fuel Cycle 


Physical System Characteristics 
Plant Configuration 
Thermodynamic Cycle 
Character ist ics 

- Capacity Factor 
Environmental Controls 
Mass & Energy Balances 

Environmental Residuals 

Air-Borne Emissions 
Liquid Effluents 
Solid Wastes 
Radionuclides 

- Waste Heat 


Capital and Operating Cost® 
Construction Schedule 

- Construction Cash Flow 

- Direct and Indirect Capital Cost 

- O&M Costs 

- Decommissioning Costs 

Natural and Human 
Resource Requirements 

- Fuel Use 
Water Use 
Land Use 

Construction Labor 
Operating Labor 


performed for NASA by Boeing^ and Rockwell.® The satellite power system 
consists of three basic elements: the first two, in geosynchronous orbit 

at 36,000 km, are the solar collector, which receives energy from the sun 
and converts it to electrical energy, and a microwave antenna, which trans- 
mits that energy to the third element, an earth-based rectifying antenna 
(rectenna). The reference system is sized for 5 GW of DC power output to a 
conventional utility grid The satellite has one end-mounted antenna, as 
illustrated in Fig. 3.1. 

The satellite consists of a inar solar array structure of graphite 
composite material. Two conversion options (Fig. 3.2) are presently being 
considered; one is the use of single-crystal gallium aluminum arsenide 
(GaAlAs) solar cells with a concentration ratio of 2; the other is the use of 
single-crystal silicon (Si) solar cells with no concentration. 

The size of the solar array is dictated primarily by the efficiency 
chain of the various elements in the sy.stem. Figure 3.3 shows the end-to-end 
efficiency chain for the GaAlAs and silicon cell options. The satellite is 
designed to provide 5 GW of DC power to the utility busbar, and with an 
overall efficiency of approximately 7Z, it is necessary to size the solar 
arrays so that approximately 70 GW of solar energy will be intercepted. 
The efficiency assumed is the minimum efficiency, including the worst- 
case summer solsi ice factor (0.9675), the seasonal variation (0.91), and the 
end-of-life (30-yeor) solar cell efficiency (assuming annealing in the silicon 
case). Fur the GaAlAs case, the end-of-life (30-year'> concentrator reflectiv- 
ity is 0.83. Since only half of the intercepted solar energy is reflected by 
the concentrators, the equivalent lifetime average efficiency is 0.915. 

The GaAlAs option is a five-trough configuration with a solar blanket 
area of 26.52 km^, a reflector area of 53.04 kra^ , and an overall planfoim 
area of 55.13 km^ . The silicon option has the solar blanket with no concen- 
tration, resulting in a blanket area of 52.34 km^ and a planform area of 
54.08 km^ . Table 3.4 lists the cell and planform power characteristics for 
each cell type. 



Fig. 3.1 Satellite Power Systea Concept (Source: 
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Table 3. A SPS Cell and Planform Power Characteriatica 


Cell Type 

GaAlAs 

Silicon 

Concentration ratio 

2 

1 

Solar power available 

1,353 W/m2 

1,353 W/m2 

Solar power on cell at maximum off-sun pointing 

2,414 W/m2 

1,190 W/m2 

Cell conversion efficiency at 28*C AMO (in vacuum) 

20Z 

17.33X 

Blanket power output 

Beginning of life 

380 W/m2 

186 W/m-^ 

End of life 

370 W/m2 

149 W/m2 

Planform power output 

Beginning of life 

185 W/m2 

186 W/m-^ 

End of life 

171 W/m2 

149 W/m2 


Source; Ref. 1. 


The end-mounted microwave antenna is a phaaed-array transmitter of 1-km 
diameter. The phase control system utilizes an active, retrodirect ive array 
w. th a pilot beam reference for phase conjugation. Klystrons are used as the 
baseline power amplifier with slotted waveguides as the radiating element. 
The ground rectenna has subarray panels with an active element area of 78.5 
km^ . At 35* latitude, the total rectenna area, including the buffer zone, 
would be 149 kra^ . 

The construction of the satellite in geosynchronous orbit (GEO) is 
estimated to require six months. The initial estimates of construction crew 
size are 555 for the silicon option [480 in GEO and 75 in low earth orbit 
(LEO)] and 715 for the GaAlAs option (€80 in GLO and 35 in LEO) . 

The transportation system assumed for the NASA contractor reference 
system consists of four major components: the heavy- lift launch vehicle 

(HLLV), the cargo orbit-transfer vehicle (COTV), the personnel launch vehicle 
(PLV), and the personnel orbit-transfer vehicle (POTV) . The HLLV is a two- 
stage, vertical launch, winged, horizontal landing, reusable vehicle with 
a 424-metric ton payload to low earth orbit. The Kennedy Space Center was 
chosen as the reference earth launch site. The COTV is an independent, reus- 
able, electric engine- powered vehicle, which transports cargo from the HLLV 
delivery site in low earth orbit to the geosynchronous earth orbit. For the 
GaAlAs option, the COTV is powered by GaAlAs solar cells, whereas a silicon 
solar cell power supply is assumed for the silicon option. 

Personnel for the orbital construction and support f;nctions are 
transported to LEO by the PLV, which is a modified space shuttle orbiter with 
a passenger module. The POTV, a two-stage, reusable, chemic al- fue 1 vehicle, 
is used to transfer personnel from LEO to GEO and vice versa. Additionally, a 
LEO operations base would be constructed and used for temporary storage of 
supplies and propellant. 
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Power convercion equipment converts the direct current (DC) power from 
the collectors into high density microwave (RF) power; the microwave antenna 
transmits it to the ground-based rectifying antenna, called the rectenna. The 
microwave antenna is a phased-array transmitter of 1-km diameter and contains 
7,220 subarrays or power modules. The antenna transmits 6.85 GW of power at 
2.45 GHz. 

The subarrays are arranged to provide a 10-dB Gaussian power distribu- 
tion cross thf. array surface. The power densi..y varies from 22.14 kW/m^ at 
the center module to 2.45 kW/m^ at the outer edge. At the earth's surface, 
the power -s 23 mW/cm^ at the rectenna center and 0.08 mW/cm^ in the first 
sidelobe. 

Each subarray covers 108 square meters and contains from 4 to 50 
klystrons, depending on the power output of the subarray. Each klystron 
converts DC to 70 kW of RF. An alternative concept described in the SPS 
CDEP Reference System Report would use a 50-kW klystron tube that would 
result in the use of 6 to 50 tubes per subarray (Ref. 1, p. 30). The subarray 
radiates power through slotted waveguides on the surface. Electronic phasing 
equipment in each subarray processes a beam-phasing signal from the ground 
and focuses the microwave beam. Waste heat is dissipated by radiation. The 
subarray also includes power distribution and conditioning equipment, wave- 
guides, amplifiers, and frequency-control electronics. 

The rectenna consists of a dipole network and diode rectifiers, which 
receive and rectify the microwave power; a power distribution and conditioning 
syotem, which collects r-d delivers the rectified DC, power to the utility 
interface; and the structure that provides support to the dipole rectenna 
panels and components of the distribution system. The supp>ort structure also 
provides a ground plane for the microwave power. 

At 35* latitude, the rectenna area of 10 km by 13 km contains 814 rows 
of rectenna panels tilted 40* from the horizontal, providing an active inter- 
cept area of 78.5 km^ . A total of 436,805 panels will be assembled on site 
and erected. In order to minimize electrical wiring from the rectenna panel 
area, two electrical switchyards will be employed, each with its own converter 
and relay building. The rectenna site, including auxiliary buildings and the 
buffer zone, has been estimated to be an elliptical plot 12 km by 15.8 km, 
with a total area of 149 km^ . 

The configuration of the ground-based rectenna, which receives and 
rectifies the downlink power beam, has half-wave dipoles feeding Schottky 
t ; rier diodes. Two-stage, low-pass filters between the dipoles and diodes 
, .^8 harmonic generation and provide impedance matching. The rectenna is 

a . ries of serrated panels perpendicular to the incident beam, rather than 
a cojitinuous structure. Each panel has a steel-mesh ground plane with 75-8015 
opcical transparency. This mesh is mounted on a steel framing structure, 
supported by steel columns in concrete footings. Aluminum conductors are used 
for the electrical power collection systeir. 
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3.2.2 Central-Station Terrestrial Photovoltaic System 

The reference terrestrial photovoltaic (TPV) alternative is a 200-MW 
system in which silicon cells are mounted in fixed-tilt, flat-plate arrays, in 
eight 25-MW modular components. The reference system, which dots not include 
storage, is based primarily on designs published in a 1978 EPRI study. ^ 
That study defined the cost and performance goals for utility photovoltaic 
conversion devices and assessed the effects of photovoltaic generation on 
electric utility systems. 

The reference TPV system is assumed to have a silicon-cell efficiency 
equal to that of the SPS silicon cell, or 19Z. (A cell efficiency of 12X was 
assumed in the EPRI study.) This modified assumption alters the EPRI design, 
in that it reduces by approximately 373! the number of solar cells required to 
generate 200 MW. Figure 3.4 shows the energy efficiency chain for this 
system. 


Eight 25-MW modules of photovoltaic arrays are connected radially to a 
34.5-kV switchyard, which, in turn, supplies the transmission grid through a 
step-up transformer. Each module contains 48.9 x 10^ cells measuring 6 cm x 6 
cm. Each module is composed of the solar array field and its connecting DC 
cables and main b.3, the DC-to-AC converter station, and the AC medium-voltage 
connectic;i to the 34.5-kV switchyard. Within each module, the photovoltaic 
cells are connected in series and parallel to provide as high a voltage as 
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Fig. 3.4 Efficiency Chain of the Central-Station Photovoltaic System 
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practical. This produces improved inverter efficiency and minimizes DC cable 
losses. The arrangement is such that ^ 5,200 V DC and 2,438 V AC are provided 
at the inverter input . 

The plant capacity factor can be highly variable, since it is criti- 
cally dependent on the plant's geographic location. Capacity factors have 
been estimated to range from nearly 25.8% in the Phoenix area to just under 
18% in Boston. The Phoenix site was chosen for this analysis. 

The reference system is designed to occupy a 4-km2 (1000-acre) site, 
which houses the solar arrays, switch gear, transformer station, and personnel 
buildings. Excluding periodic maintenance crews, the staff requirement is 
about 26 persons. 

Environmental residuals from the plant site should be minimal under 
normal operating conditions. No gaseous emissions should result from the 
normal operation of the system, and any waste heat should be removed from the 
arrays by natural convection. Small amounts of waste and garbage would be 
generated by personnel on site and small amounts of combustion products would 
be produced by on-site maintenance vehicles. An unquantified but small amount 
of runoff would result from cleaning of the solar arrays. Some environmental 
residuals would be generated as a result of the cell manufacturing process, 
but these effects have not yet been characterized. 


3.2.3 Conventional Coal-Fired Power Plant 


The reference, high-sulfur coal-combustion system is a single-unit 
facility. The steam plant uses a cross-compound turbine generator with two 
parallel shafts and hi.s a net plant capacity of 1250 MW. The basic steam 
cycle is modeled after a 1232-MW concept designed by United Engineers and 
Constructors (UE&C), as described in their report "Commercial Electric Power 
Cost Studies."^® The UE&C design utilizes a cotivent iona 1 lime flue-gas 
desulfurization system for stack gas cleaning and a mechanical draft cooling 
tower for removing condensate heat. 

The characterization represents high-sulfur coal-combustion technology 
and SO 2 removal as projected to be available in 2000. The plant capacity 
factor is assumed to be 70%. It is also assumed that all of the plant's stack 
gases are processed to remove 90% of the SO 2 (recent EPA regulations). Thus 
the reference high-sulfur coal facility for the year 2000 is assumed to use a 
Wellman-Lord SO 2 removal system. The Wellman-Lord process has recently been 
demonstrated by the EPA,^^ and it is expected that this or a similar tech- 
nology will be the preferred option in the year 2000. The Wellman-Lord system 
reduces the area of land required, but the processing of all stack gases 
decreases the net plant efficiency. Therefore, the plant capital cost is 
higher than that for the UE&C design. These factors have been fully ac- 
counted for in the characterization. 

Figure 3.5 is a simplified schematic of the functional plant compo- 
nents. The combustion boiler produces steani at 26.5 x 10^ N/m^ (3845 psi) 
and 543”C (1010”F). Turbine power is produced with throttle steam of 24.2 x 
10^ N/m^ (3515 psi) at 540*C (1000 “f) for the high pressure turbine and 
steam at 4.1 N/m2 (600 psi) at 540°C for the intermediate pressure turbine. 
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Figure 3.5 illustrates the generation of a net capacity of 1250 MW with an 
assumed capacity factor of 70%, from typical eastern high-sulfur bituminous 
coal. The amount of pulverized coal yielding 10.1 x loi^ kJ is required to 
generate one kWh of net output; this corresponds to a net plant efficiency of 
35.75%. The coal characteristics assume a higher heating value of 25.6 x 
10^ kJ/kg of coal on an as-received basis. At this rate, an average of 
8245 metric tons (t) of coal would be needed at the site each day. Because 
coal storage requirements are estimated at full capacity factor, a 3-day live 
storage stock pile would contain 35.3 x 10^ t of coal, and a 57-day reserve 
storage would contain 67.2 x 10^ t of coal. A 9.1-m-high active storage and 
a 15.24-m-high reserve storage pile results in a site area of 56 x 10^ m^ 
devoted to coal storage. 

Other fuel in the form of natural gas is also required for reducing 
sulfur dioxide (SO 2 ) from the Wellman-Lord scrubber system (Fig. 3.6) to 
elemental sulfur. This process requires about 148 x 10^ kJ/h of natural gas 
at full plant capacity or, at 70% capacity and 34 x 10^ kJ/m^ of gas, about 
2.7 X 10° m3 of natural gas per year. 

The design has hot electrostatic precipitators sized for the removal of 
99.7% of the flyash particulates emitted from the combustion furnace boiler. 
Auxiliary electric power of 13.9 MW is required for effective operation of the 

electrostatic precipitators.^^* ^3 

The combustion of 4.9 x 10^ kg/h of coal with an ash content of 10.29% 
by weight produces 40 x lo3 kg/h of flyash, assuming an 80% flyash/20% bottom 
ash proportion. (About 10^ kg/h of bottom ash would be produced.) Removal 
of 99.7% of this flyash leaves 120 kg/h of flyash to be sent downstream for 
further processing in the Wellman-Lord SO 2 removal system. 

The sludge wastes from the electrostatic precipitators and bottom ash 
total 63,120 kg/h for the 1250 MW reference coal facility at 100% capacity. 

Downstream from the electrostatic precipitators is the Wellman-Lord 
flue-gas desulfurization system. This system uses a regenerable process in 
which SO 2 is removed from flue gases with a sodium sulfite scrubbing solution. 
The concentrated SO 2 stream that is produced can be processed into elemental 
sulfur or sulfuric acid, both of which are marketable industrial products. 

The Wellman-Lord process consists of the four basic steps shown 
schematically in Fig. 3.6. These steps are (1) flue gas pretreatment, (2) 
SO 2 absorption, (3) purge treatment, and (4) sodium sulfite regeneration. 
A fifth step, the processing of SO 2 into marketable sulfur by-products, is 
not part of the Wellman-Lord process, but is generally associated with 
Wellman-Lord installations. 

Tables 3.5 and 3.6 show the air pollutants and solid waste products 
emitted by this 1250 MW facility. 

The normal construction period would take a total of seven years. 
Two years would be taken up for site selection, design, and preparation, 
and five years for on-site construction. Operation of the plant would 
require a staff of 259. 


Ash to Disposal 40.3 t/h 
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Fig. 3.6 Wellman~Lord Process (Adapted frost Ref. 5) 
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Table 3.5 Air Pollutants from a 1250-MW Coal Facility 


100% Capaci'i: 

:y Factor 

70% Capacit 

y Factor 

Pollutant 

kg/h 

t 

kg/h t 

kg/ 10^ kJ 

SO 2 

3136 

27,605 

2203 19,323 

0.26 

Part iculates 

36 

318 

25 223 

0.003 


3254 

28,537 

2278 19,978 

0.27 

Table 3.6 

Solid and Sludge Wastes from a 1250 
Coal Facility, 70% Capacity Factor 

-MW 


Accumulation Rates at 70% 
Capacity Factor 

Land Area® 

Solid Waste 

kg/h 

t/ yr 

10^ m^/yr 

10^ m^ 

Elemental Sulfur*^ 

9,917 

86,964 

44 

190 

Ash Sludge^ 

44,260 

388, 105 

269 

1,145 

Sodium Sulfite/ 
Sodium Sulfate 

2,909 

16,744 

8.6 

40.5 

Total 

- 

- 

- 

1,375.5 


^Assumes 8-m disposal depth typical of current practices. 
^Disposal density = 1953 kg/m^ . 

^80% ash, 20% water, density = 1440 kg/m^. Solids content 
is 40,100 kg/h from bottom ash, and 85 kg from Wellman-Lord 
pretreatment . 


3.2.4 Coal-Gasification/Combined-Cycle Power Plant 

The coal-gasification/combined-cycle plant is an integrated system 
whose primary components are a gasifier, an open-cycle gas turbine, and a 
Rankine bottoming cycle. The basic plant is modeled after a 579-MW plant 
described in the EGAS study; the design was augmenced with information from 
the EPRI Preliminary Design study. ^5 plant design was scaled to 1250 MW 

net plant output (2 units at 625 MW each). 

The reference facility is fired with eastern high-sulfur bituminous 
coal with heat content of 25,646 kJ/kg (11,026 Btu/lb). The overall net 
plant efficiency, which accounts for in-plant auxiliary steam and electrical 
consumption, is 38.5%. Figure 3.7 displays the major pieces of plant equip- 
ment in a simplified cycle schematic and energy flow diagram of the reference 
design . 




28 


The prime cycle consists of eight air-cooled gas turbine generator 
units, with a 12:1 compressor pressure ratio and 1313*C firing temperature 
(that is, the temperature at the inlet of the first-stage rotor). The prime 
cycle generates two-thirds of the total electrical power output. The gas 
turbine exhaust temperature is 640*C. 

The bottoming cycle includes eight heat-recovery steam generators 
(HRSG) and two steam turbines. The HRSGs extract thermal energy from the gas 
turbine exhaust stream. The steam is supplied to steam-turbine generators, 
which contribute about one-third of the total power output. At full capac- 
ity, coal feed is required at a rate of 455 t/h or 2.8 x 10^ t/yr at 70Z 
capacity factor. At this rate, an average of 7650 t of coal would be required 
at the site each day; as coal storage requirements are estimated at full 
capacity factor, a 3-day live storage stock pile would contain 22,950 t of 
coal, and a 57-day reserve storage would contain 435,000 t of coal. 

The average storage density of utility coal in live storage is 700 
kg/m^ and reserve storage density averages 865 kg/m^. The assumption of 9.15- 
m-high active storage and 15.25-m-high reserve storage yields an area of 
about 36 X 10^ m^ devoted to coal storage and handling. 

Figure 3.8 depicts the major environmental pollutants that arise from 
the impurities in the fuel and water used by the plant. The major impurities 
in the fuel are the sulfur and nitrogen compounds and incombustible ash. In 
the gasification step, almost all of the ash is separated from the coal, so it 
does not show up as a potential air pollutant. Similarly, about 93Z of the 
sulfur is removed from the process stream by the combined Alkazid-Claus 
process. Another 1.3Z is disposed of in the scrubber sludge from the wet 
limestone scrubber. The remaining sulfur appears as SO2 in the stack gas 
from the various plant flues and exhausts. NO2 control is effected by 
removing most of the NH3 from the fuel gas streams before combustion. 

Water used for plant cooling is also a source of environmental pollu- 
tion. As the water is evaporated, concentrations of dissolved solids in- 
crease. This brackish "blowdown" water must be specially handled, to avoid 
pollution of local water systems. 

The cleanup system must remove enough sulfur as elemental sulfur so 
that the sum of the SO2 emitted from incinerator flues and the SO2 emitted 
from the power plant flues will be no greater than allowed by EPA standards. 
The carbonyl sulfide (COS) formed in the gasifier and entering with the raw 
gas is almost completely hydrolyzed to hydrogen sulfide (H2S) before enter- 
ing the Alkazid plant. Five percent of the H2S removed by the Alkazid plant 
will not be converted to elemental sulfur in the Claus plant. The tail gas is 
treated in the Wellman-Lord plant, which allows 90Z of the sulfur to be 
recycled back to the Claus process. The Alkazid plant removes 952 of the 
H2S entering with the raw gas. Only 5.62 of the total sulfur is emitted to 
the atmosphere as SO2 . 

Nitrous oxides are formed by combustion of ammonia, and to a limited 
extent by oxidation of N2 gas diluent. To meet the emission standards, 0.14 
kg of NO2 may be emitted to the atmosphere per million kJ of gaseous fuel. 
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Fig. 3.8 Summary of Emissions from a 1250-MW. LowBtu Gasifier, Combined-Cycle Plant 
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In the cleanup system, foul water condenses from the gas during 
dewatering. A foul process water enters with oil and phenol from the gasifier 
washer-coolers. These foul waters contain dissolved H 2 S, NH 3 , C 02 t and 
phenols. The water separated from the oil and phenol is returned to the 
washer-coolers where some additional makeup water is located. This makeup 
water evaporates and enters the cleanup systems with the saturated gas. 

The construction period for a large coal-fired electric generation 
facility of the ty>»e characterized here would take a total of seven years. 
This includes a two-year period of fairly low level of effort for site selec- 
t ii , design and preparation, and a five-year period of actual on-site con- 
struction. During the on-site construction period, an estimated 8.1 million 
person-hours of direct craft labor would be required. The operating personnel 
requirement (336 persons) for this plant were estimated from experience with 
conventional plants. 


3.2.5 Light Water Reactor Power Plant 

The reference light water reactor (LWR) power plant^^”^® is a 1250-MW 
single-unit facility consisting of a pressurized water reactor supplying 
superheated steam to a conventional turbine generator. Condenser cooling is 
accomplished with a cooling tower. 

The reference reactor as shown schematically in Fig. 3.9 was scaled up 
to 3750 MWt from a basic Westinghouse 3450-MWt design. At the present time, 
nuclear fuel is being discharged from reactors after an average burnup of 
25,000 to 30,000 megawatt days per metric ton of fuel (MW-d/t). LWR tech- 
nology has a goal^^ of achieving 50,000 MW-d/t, and therefore this value 

was assumed to be achieved by the year 2000 for the purpose of this char- 

acter izat ion . 

The nuclear steam supply system (NSSS) consists of a light-water- 
moderated nuclear reactor having a reactor core containing low-enriched 
uranium oxide fuel, approximately 4.15% U-235, in approximately 193 fuel 

assemblies. Loaded in the core are 98,000 kg of fuel. The core is refueled 
by replacing approximately one-third of the total set of fuel elements at 
roughly one-year intervals. The spent fuel is stored on site in a special 

fuel handling building. This building s also a repository for fresh fuel 

prior to its insertion in the core. 

The NSSS produces approximately 3750 MWt at mxninal full power. The 
power generation system consists of the reactor core and vessel, its asso- 
ciated pressur izer , and four primary reactor coolant loops and four steam 
generators. Primary coolant (water) is heated from 295°C to 330*C by the 
nuclear reaction taking place in the core. The nominal coolant pressure is 

15.5 X 10^ Pa (or N/m^ ) . The high pressure is maintained in the primary 

system by a pressurizer to prevent boiling in the core. This hot water is 
then passed through the steam generators (u-tube heat exchangers) where water 
on the secondary side of the heat exchanger is heated to produce steam. Water 

on the primary side of the steam generator is returned to the core to be re- 

heated to 330“C. Steam produced on the secondary side of the steam generator 
passes through the turbine generator power-conversion system. The turbine 

generators, at nominal rated power, produce 1250 MW. The condensate from the 


330 C 6.7 X 10® N/m2 
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turbine is returned by the steam generator feedwater pumps. The reactor is 
equipped with residual-heat removal systems. The condensers are designed to 
condense the outlet steam from the low pressure turbine fnd the exhaust 
steam from the auxiliary turbine drive of the feedwater pump at 300 Pa, by 
dissipating the heat to three mechanical-dra f t wet cooling towers. The three 
main mechanical-draft %#et cooling towers are each sized for one-third of the 
requirements. Each tower is designed to cool 13.6 m^/s of water from A8*C 
to 33*C when operating at a wet bulb temperature of 23*C. Each tower employs 
a reinforced concrete-filled structure combined with com^'onents for water 
distribution, fill splash service, support system, drift eliminators, Icu^ers, 
and fan deck. 

Radioactive contaminants can come from the fuel itself or from (1) 
impurities in the fuel cladding, (2) activa'ted wear f oducts, or (3) other 
sources. Because several systems are contaminated, normal maintenance, 
operations, and leaks will lead to release of some of these elements. The 
mechanisms of release of these radioactive elements are primarily leakage 
through the building ventilation systems and dissolution in ’iquid effluents. 
Areas that have the potential for contamination are ventilated through high 
efficiency particulate filters, which remove more than 99. 9Z of the particles 
larger than 0.3 pm. Potentially contaminated liquid effluents are monitored 
or processed to remove radioactive elements by filtration and ion exchange. 
In each case, not all of the radioactive elements can be prevented from 
entering the biosphere. Consequently, radioactive elements are emitted 
to the biosphere by the LWR,* w''.in the limits prescribed by the EPA and 
enforced by the NRC. 

Water consumption results primarily from cooling tower evaporative 
losses and cooling tower blowdown (1.42 m^/s at full power). The largest 
consumers of water are the mechanical-draft cooling towers (about 1 m^/s3. 

The primary sources of liquid effluents from a LWR facility include the 
cooling tower blowdown stream and process water effluent. No radioactive 
wastes are discharged in effluent streams. These waste streams, which are 
processed to remove radionuclides, are then discharged under controlled 
conditions.** Cooling tower blowdown does not contain any radionuclide 
contamination but does contain chemicals added for control of corrosion and 
biological growth. 

3.2.6 Liquid-Metal, Fast-Breeder Reactor 

The LMFBR plant reference design^ is a 3400-MWt locp-type, sodium- 
cooled fast-breeder reactor plant with a nominal electrical rating of 1250 MW. 


*Airborne radionuclides: total noble gases, 3 x 10^ Ci/yr; iodine, 13.1 x 

10“^ Ci/yr; Mn, Fe, Co, Sr, Cs, 4.1 x 10~2 Ci/yr. 

**"Waste-water effluents at 70Z capacity factor: total suspended solids, 

0.94 t/d; total dissolved solids, 2.35 t/d; organics, 210 kg/d. 

^The plant design was developed by United Engineers and Constructors fo*" the 
Department of Energy in the Energy Economic Data Base (EEDB) program as 
described in Ref. 22. Adoitional input was derived from Ref. 23. 
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The plent area will be about 70 acres, including the reactor building, switch- 
yard, parking lot, access roads, and wet cooling towerc. As a minimum, a 
buffering area vT 400 acres is needed. Thus with other physical facilities, a 
total area of .-'-'ij to 1200 acres is needed. The 1000-MWe LMFBR design (about 
2500 MWt) was scaled up to 1250 MWe uecause the cost estimate is also based on 
this plant and major equipment. 

The LMFBR primary system consists of a liquid sodium-cooled nuclear 
reactor having a reactor core containing low-enriched (about 11-15Z) uranium 
and plutoniimi oxides in approximately 400 fuel-and-blanket assemblies. The 
core is refjeled by replacing approximately one-third of the assemblies after 
achieving a 53,000 MW-d/t average burnup. Both the new and spent reactor 
fuels are intensely radioactive and must be stored in heavily shielded areas. 

The reactor produces approximately 3417 MWt at nominal full power 

The LMFBR heat transport system removes the heat generated by the reactor 
core and converts it to the rotational mechanical energy required by the 
generator to produce electric power. The overall system consists of a radio- 
active primary coo’;i-'t (liquid sodium) system, a nonradioactive secondary 
coolant (also liquid sodium) system, a steam generation system, and a steam 
plant system, the latter including the turbine that delivers the required 
mechanical energy to the electrical generator. A simplified system diagram is 
given in Fig . 3.10. 

The primary coolant system consists of several redundant circulating 

loops that conduct sodium from the core exit plenum of the reactor vessel 

and circulate it through intermediate heat exchangers. Here, the heat is 
transferred to the sodium of the secondary coolant sysleir. The primary sodium 
then returns to the reactor vessel. In the secondary system, secondary sodium 
is heated in the intermediate heat exchangers and is circulated to the steam 
generation system. There a ? four parallel primary loops and four secondary 
loops, one serving each primary loop. 

Two basic arrangements for the primary coosant system have been 
proposed: the pool-type and the loop-type configurations. These are depicted 

schematically in Fig. 3.11. In the pool-type configuration, the reactor, 
intermediate heat exchangers, primary pumps, and interconnecting piping are 
all immersed in a large primary tank filled with sodium. During operation, 
sodiun is drawn from the bulk content of the tank by the primary pumps and is 
for,;ed through the reactor. Then, the sodium flows by gravity through the 
intermediate heat exchangers and discharges back lo the bulk sodium in the 
primary tank. The driving force for the intermediate heat exchanger flow is 
the difference between the level of sodium over the reactor and that ii. the 
remainder of the primary tanks. With this configuration, the prin.ary tank 
with its cover aod the tubes and tube sheets of the intermediate heat ex- 
changers constitute the primary coolant system boundary. 

In the loop-type configuration, the primary pumps and the ititermed iate 
heat exchangers are located outside the reactor vessel. Either hot-leg or 
cold-leg pumps could be used in the primary system. The primary loop piping 
is elevated, and guard vccsels are provided around the pump, intermediate 
heat exchanger, and rea._tor vessel so that leaks in the primary piping or 
these components tannot caupc '■he sodium level in the reactor to drop below 
the minimum safe level. The loop r.orzles would be covered, and continuous 
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Fig. 3.11 Configurations of Pool- and Loop-type 
Primary Coolant Systems 


heat removal by sodium circulating through the loops could be permitted. The 
LMFBR characterized in this section is a loop-type plant. 

The primary sodium system is designed to operate at a lower pressure 
than the secondary system. Thus, should a leak develop in an intermediate 
heat exch iger between these two systens, sodium would flow from the nonradio- 
active secondary system into the radioactive primary system. Finally, 
even though such leakage would not result in a radiological problem in the 
secondary system, the intermediate heat exchangers are designed to facilitate 
removal or replacement of faulty tubes. 

The overall steam cycle is expected . be similar to that of modern 
fossil-fired, steam-electric power plants. The turbine design assumed in this 
study is a set of tandem compound turbines like those used in fossil-fuel 
plants . 


Barriers to release of fission products are the fuel element cladding, 
the boundary of the primary coolant system, and the outer reactor containment. 

The orter containment consists of a leak-tight cylindrical steel 
or steel-lined concrete building with a flat bottom and hemispherical or 
ellipsoidal dome. The containment building houses the reactor and entire 
primary coolant system, spent fuel handling and storage facilities, and sodium 
service systems related to the primary system. 

The turbine configuration consists of two half-capacity tandem, com- 
pound, four-flow machines with 0.85-m last stages designed to operate at 
3600 rpm. Inlet steam conditions at the high-pressure throttle valve j are 
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15.4 X 10^ Pa and 455”C. This reactor plant design provides the superheat 
so the inlet steam is not saturated; its condition resembles that in a 
fossil-fired power plant. 

The condensers are designed to condense the low-pressure turbine outlet 
steam and exhaust steam from the auxiliary turbine drive of the feedwater pump 
by dissipating the heat to three mechanical-draft wet cooling towers. Each 
tower is designed to cool 12.3 m^/s of water from 48* to 33*C when operating 
at a wet bulb temperature of 23’C. 

Radioactive contaminants come from the fuel itself, impurities in the 
fuel cladding, activated we.ir products, or other sources. Because several 
systems are contaminated, normal maintenance, operations, and leaks will lead 
to release of some of these elements. The building ventilation systems and 
processed liquid effluents are the transport mechanisms for release of these 
radioactive elements. Areas with the potential for contamination are venti- 
lated through high-efficiency particulate filters, which remove more than 
99.9% of the particles greater than 0.3 pm. Potentially contaminated liquid 
effluents are monitored or processed to remove radioactive elements primarily 
by filtration and ion exchange. In each case, not all of the radioactive 
elements can be prevented from entering the biosphere. Table 3.7 shows the 
estimated airborne radionuclice releases from the reference 1250-MW LMFBK 
facility. These emissions are within the limits prescribed by the EPA 
for the LWR. 

The aqueous chemical wastes from a nuclear power plant generally 
enter the environment via the blowdown stream from a closed-cyclc cool- 
ing system or the circulating cooling water stream from an open-cycle system. 
The major sources of the waste streams from a nuclear power plant are those 
originating from the condenser cooling system and the process water system. 
All other waste streams are minor compared to those. Negligible radioactive 
effluents will be emitted from an LMF3R plant. A summary of effluents is 
provided in Table 3.8. 

Solid wastes generated at the reactor will consist typically of filters 
from the heating and ventilation 
system, deactivated primary coolant 
sodium cold traps, analytical labor- 
atory and liquid waste treatment 
residues, contaminated tools and 
parts, and waste such as plastic 
bags, footcovers, paper towels, and 
protective clothiTig. These wastes 
will be compacted and packaged in 
55-gallon (0.21m^) sealed drums, 
then shipped to a low-level waste 
burial ground. About 0.26 m^ of 
tritium waste per year, in the form 
of Ca( 0 ^H) 2 , will be included in 
these solid wastes. 

About 3117 curies of beta- 
gamma waste and about 30,000 curies 
of tritium waste will be generated 
each year. 


Table 3.7 

Postulated Radionuclide 
Releases, 1250-MW LMFBR 
Power Plant at 70% 
Capacity Factor 

Nuc lide 

Atmospheric Release, 
Ci/yr 

H-3 

65.63 

Ar-39 

87.50 

Kr-85 m 

0.33 

Kr-85 

0.44 

Kr-87 

0.44 

Kr-88 

0.54 

Xe-133 

0.03 
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The 1250-MW LMFBR would reject 
heat at about 7.5 x 10^ kj/h through 
the cooling towers. In addition, 
there will be miscellaneous thermal 
losses to air (called general plant 
losses) amounting to less than IZ, a 
value typical of present-day nuclear 
facilities. Approximately 2.8 x 10^ 
m^ of land will be required for 
facilities associated with the LMFBR 
power plant; namely, the reactor 
buildings, turbine building, switch- 
yard, parking lot, access roads, 
and cooling towers. As a minimum, an 
exclusion area of at least 16 x 10^ 
m^ is needed, and presently most LWR 
stations are on even larger sites. 

Water consumption results 
primarily from cooling tower evapor- 
ative losses, cooling tower blowdown, 
and general plant uses, totalling 
1.28 m^/s. By far the largest con- 
sumers of water are the mechanical- 
draft cooling towers, which use 
approximately 0.88 m^/s. 

3.2.7 Fusion 

The reference fusion-power 
plant is based on the NUWMAK power 
plant design developed by the Univer- 
sity of Wisconsin Fusion Engineering 
Program of the Nuclear Engineering 
Department The NUWMAK power plant 
water reactor pO’^^/er cycle with heat su 


Table 3.8 LMFBR Wastewater Effluents 
at Nominal (1250 MW) 

Ope rat ion 


Effluent 

Amount 

Chemical 

t/h 

BOD 

0.000 

Chromates 

0.000 

Phosphates 

0.007 

Boron 

0.051 

Ac id s 

0.013 

Organics 

0.011 

Chlo.'ine 

0.004 

Rr.dio logical 

Ci/yr 

Uranium 

negl. 

Ra-226 

0 

Th-230 

0 

Th-2 34 

0 

Co-60 

0.774 

Sr-90 

0.257 

1-131 

0.01 

Cs-134 

9.38 

Cs-137 

7.97 

Ce-144 

0.030 

Pu 

0 

Tritium 

350 

Ru-106 

0.014 

Other activation and 
fission products 

70.32 


produces electricity through a boiling- 
>plied by a Tokamak fusion reactor. One 


plant produces 660 MW net and the power facility characterized here consists 


of two NUWMAK reactors, producing 1320 MW net power. 


The NUWMAK discussed here is a newer and more realistic design than the 
UWMAK series developed by the University of Wisconsin. The objective of the 
new treatment was to simplify mechanical design and maintainability. The 
power density in NUWMAK is increased to about 10 W/cm^ as compared to 0.5 
to 2 W/cm^ in earlier designs. Figure 3.12 is a schematic of this NUWMAK 
concept. The reference fusion plant uses deuterium-tritium fuel. During the 
reactor burn cycle the deuterium (d) and tritium (t) in the toroidal reactor 
chamber are in a plasma state. When a D-T fusion reaction occurs, a helium-4 
nucleus (alpha particle) is formed and a 14-MeV neutron is given off. The 
high-energy neutrons are absorbed by a blanket that 8u*'rounds the fusion 
reaction chamber. The neutrons heat the blanket, and this heat is then 
removed from the blanket and used to produce electricity. NUWMAK uses boiling 
water as a coolant and a conventional boiling-water reactor power cycle 
to produce electricity. 
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Fig. 3.12 Schematic of NUWMAK Fusion Power Plant 


The power flow for one NUWMAK reactor is shown in Fig. 3.12. The gross 
thermal efficiency is 34.5%. After accounting for auxiliary power require- 
ments of 65 MW, of which 60 MW is needed to cool the magnets, the net power 
output is 660 MW with a net thermal efficiency of 31.5%. TVo reactors would 
have a net output of 1320 MW. 

The NUWMAK reactors differ from those of previous studies (such 
as UWMAK) in that no diverter is used. Impurity control (which is needed 

in order to keep the plasma from cooling) is accomplished instead by gas 
puffing, which, along with partial pellet fueling, permits operation for 
approximately 225 seconds with adequate plasma cleanliness. During a burn, 
neutral deuterium gas is puffed into the plasma approximately every 0.5 
seconds. Tritium is introduced in solid pellets, which penetrate only the 
outer plasma mantle. A sharp temperature profile develops at the plasma edge, 
which is kept cold both by the gas puffing and by introduction of impurities. 
However, the step temperature profile prevents impurities from diffusing 
towards the plasma center. The impurities are neutralized and pumped out 
through vacuum-pump p>orts. 

The plasma requires a magnetic field of 6.05 T (tesla) at a major 
radius of 5.13 m, which means a maximum field of 12 T at the magnet. To 
provide the needed access for maintenance and repair, NUWTiAK is designed with 
only eight large superconducting "D"-shaped TF coils and tht increased ripple 
is corrected with 16 saddle-shaped trimming coils. The primary design of the 
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TF coil uses NbTi superconductor with subcooled superfluid liquid helium at 
1 .8 K and atmospheric pressure, x... are four cryogenic vertical field coils 
inside the TF coils and four superconducting coils at the outside of the TF 
coils to maintain the elongated plasma. The ohmic heating coils are located 
inside the central core of the reactor system. Since the magnets require a 
pulsed power supply, each reactor is supplied with a 2-MVAi superconductive 
energy storage unit. 

Since ohmic heating is effective only at relatively low plasma tempera- 
tures, auxiliary heating is necessary to raise plasma temperatures to ignition 
conditions (when fusion reactions will sustain themselves without further heat 
input). The NUWMAK design employs radio-frequency (RF) supplementary hecting 
in the ion cy«.lotron range of frequencies in order to ignite the plasma. The 
design entails launching a fast magnetosonic wave into a 50-50 DT plasma and 
heating the ions at the second harmonic cyclotron frequency of deuterium. 

The NUWMAK reactor operates with a cycle length of 245 seconds: 
225 seconds of burn followed by 20 seconds of down time. The heat stored in 
the blanket material provides energy to the coolant during the down time, 
reducing the cyclic variation from 70Z to 30Z of the maximum energy to the 
turbines. Since a 30% variation is still unacceptable, a steam drum is used 
and the feedwater temperature is adjusted. Figure 3.13 is a schematic of this 
load-leveling system, with which constant electrical output can be achieved. 
Simultaneous operation of the two reactors is not necessary for constant 
electrical output. Two reactors produce 4566 MWt with a net electrical output 
of 1320 MW. Since the burn time is 92% of the cycle time, the net thermal 
efficiency is 31.5%. 


To H.P. turbine 



Fig. 3.13 Schematic of NUWMAK Load-Leveling System 
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The total tritium inventory in NUWMAK may amount to more than 10^^ Ci. 
In order to limit tritium releases from NUWMAK to less than 10 Ci per day, 
tritium losses must be limited to one part in one hundred million on a 
daily basis. Essentially perfect containment of tritium depends on clearly 
identifying possible routes of tritium release. During normal operation, 
potential sources of tritium loss include the plasma fueling and fuel purifi- 
cation components, energy-storage equipment (both normal and emergency), 
tritium breeding and extraction system components, and the first wall and 
blanket coolant. Tritium containment associated with each of these systems is 
examined in the analysis of a multi-layer containment system. 

The three-level corcainment system (Fig. 3.14) is designed to deal 
with tritium release under both normal and abnormal conditions. Each level 
prevents the dilution of released tritium, so that it can be recovered before 
permeating to the next barrier. The primary containment system consists of 
those pipes and other structural elements that contain tritium or tritium- 
bearing materials. 

The secondary containment system consists mainly of a second physical 
barrier around the primary system components: for example, primary system 

piping outside the plasma chamber is contained within larger-diameter piping. 
A slowly flowing inert gas is passed through the annulus and monitored for 
tritium leakage. Large pieces of equipment requiring maintenance or adjust- 
ment are enclosed in glove boxes. 



m inlet 


TERS ■ TRITIUM EFFlULM REMOVAL SYSTEM 
ETCS • EMERGENCY TRITIUM CONTAINMENT SYSTEM 


Fig. 3.14 Tritium Effluent System Design 
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The tertiary containment system includes the reactor hall, rooms 
containing tritium processing equipment, the reactor building itself, the 
tritium effluent removal system (TERS), and the emergency tritium contain- 
ment system (ETCS). The TERS is designed to operate on routine tritium 
losses while the ETCS is used only under abnormal conditions. 

As with the primary and secondary systems, the reactor building is 
subdivided to reduce both the extent of loss and the extent of contamination 
in the event of a leak. Each reactor hall has a volume of 8.7 x 10^ m^ and 
may be divided radially to provide the least impediment to maintenance opera- 
tions. The reactor building is maintained at 8.4 x 10^ Pa during operation, 
and the pressure can be reduced to 1.3 x 10^ Pa under emergency conditions. 

About ?0% of the building volume atmosphere would be circulated 
each day, from areas of smallest to largest radioactive hazard before leaving 
through a stack of sufficient height to guarantee proper dispersal of the 
effluent. Under normal operation, this stack effluent would contain about 1 
Ci per day. 

The emergency tritium containment system (ETCS) consists of a heated 
catalyst to oxidize HT and T 2 to HTO and T 2 O, alumina beds presaturated with 
water at 100% humidity, and the required air handling equipment. The ETCS 
is used in the event of a simultaneous breakdovn of both the primary and 
secondary systems to rapidly detritiate air from contaminated areas of the 
reactor building. During cleanup, the inlet dampers of contaminated areas are 
closed and only a small fraction of fresh air is allowed to circulate to 
reduce tritium losses from the stack. 

One further source of tritium leakage is the boiling water coolant. It 
has been calculated that the leak rate of tritium into the cooling water will 
be limited to a few curies per day. In the event that the leak rate in- 
creases, it is possible, without much increase in costs, to add equipment for 
removing tritium (in the range of 0.001 to 10 Ci/mL) by combined electrolysis- 
catalysis or by molecular photo-excitation. 

TiiC 14-MeV neutrons from the fusion reaction induce radioactivity 
in the structure surrounding the plasma. Most of the activity originates in 
the inner region of the blanket. The blanket should be replaced every two 
years, and the material processed and stored on the plant site. 


3.3 COST CHARACTERIZATIONS 

A comparative assessment of the electric generation costs for the SPS 
and alternative technologies requires that the coat components of each system 
be characterized on a consistent and normalized basis. Unfortunately, tech- 
nology cost estimates from previous efforts were usually developed under 
assumptions that differed from study to study, and are inconsistent with the 
characteristics assumed for the nominal reference systems in this assessment. 
Thus the remainder of this section quantitatively documents the procedure 
used to derive a set of consistent capital and operation and maintenance (O&M) 
costs for the SPS and alternative technologies. 
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Costs from the original data source are displayed for each technology 
and it is shown how these costs are adjusted to be consistent with the 
nominal reference system characteristics such as plant capacity and overall 
efficiency. Where the original data present estimated costs in other than 
1978 dollars, these are normalized to 1978 dollars by application of appro- 
priate escalation factors. 

The development presented in this section results in baseline point 
estimates based on the assumption that each technology is constructed to come 
on linp in 1978 and is financed totally in 1978 dollars. This is the starting 
point for the analysis presented in the cost and performance comparison, 
where these 1978 point estimates are adjusted to reflect systems coming on 
line in the year 2000. These costs are analyzed in the cost and performance 
comparison in terms of their potential uncertainties in the 2000 time frame by 
assigning an upper range to the year-2000 base costs. Subsequent analysis is 
then based on these cost ranges. 

As previously mentioned, construction costs for each of the ncuiinal 
reference systems were developed on a consistent basis by adjusting published 
data to a common set of rules and assumptions. Thus, all costs make similar 
assumptions about the owner's costs, contingencies, and allowances for funds 
used during construction. The primary source of data for the coal and nuclear 
systems was the Energy Economic Data Base (EEDB)^^ compiled and updated for 
DOE by United Engineers and Constructors. Tine General Electric study for 
EPRI® and the SPS concept definition studies^>^>® were used for cost data 
on the terrestrial photovoltaic system and the SPS, respectively. 

In several cases the available cost estimates were for plant sizes and 
heat rates (efficiencies) different from those selected for the reference 
technologies. These were adjusted by power factors commonly used in electric 
utility cost t st imat ion . A construction cost that excludes contingencies, 
owner's costs, and interest during construction was thus derived. Where costs 
were in a different year's dollars, they were adjusted to 1978 dollars by an 
appropriate escalation rate; SPS cost estimates^*® given in 1977 dollars were 
escalated to 1978 dollars using an 8.0% escalation factor. 


3.3.1 Satellite Power System 


Development Costs . Boeing^^ estimated development costs on the basis 
of the reference system scenario, which predicates a 20-year development 
schedule and a 30-year deployment schedule (for 60 5-GW satellites). These 
costs amount to $100-110 billion and are broken down as follows (Fig. 3.15): 

• Research costs: mainly ground-based research to address 

environmental and social issues and alternative systems, 
resulting in a preferred system; 

• Engineering: development and testing of prototype sub- 

systems, resulting in specifications for demonstration 
units and production facilities; 

• Demonstration: flight tests of a 100-200 MW unit inte- 

grated with a commercial network; 
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S«.1« 



Fig. 3.15 Development Costs of the SPS 
(Source: Ref. 26) 


• Investment: development of industrial infrastructure, 

e.g., transportation, photovoltaic, and klystron manu- 
facturing facilities. 

• Construction and implementation: the first 5-GW SPS 

unit put into place. 

It is important to note that these cost estimates assume that all 
effort is specific to the SPS. The benefits from generic research or from 
cost sharing (e.g., industry or other federal program support for photo- 
voltaics manufacturing facilities) have not been considered. Such cost 
modifications could amount to 50-70% of the $102.5 billion. 27 

Since comparable cost data for the other six technologies were not 
available, side-by-side comparisons of costs or of the benefits or disadvan- 
tages of public expenditures were not attempted. 

The SPS development program would consist of five phases and include 
basic research, engineering verification, prototype demonstration, investment 
requirements, and commercial production of the satellites. A cost estimate 
compilation based on 1977 dollars was presented on February 20, 1980, by R.J. 
Harron and R.C. Wad le of NASA. 28 jhe estimates were updated to 1978 dollars 
by a factor of 1.08 and are shown in Table 3.9. The required investment in 
facilities to produce satellites and related equipment is unique to this 
program and will enter into the commercial operation costs as an allocated 
expense, i.e., depreciation of investment for each satellite. In accordance 
with the reference accounting method, developing and establishing the space 
fleet for transport of materials, supplies, and personnel are not considered 
part of the depreciable satellite investment and, accordingly, have been 
excluded from capital recovery. The cost estimates of the work breakdown 

structure include provisions for price escalations and for project management 
and integration, which are included herein, in addition to the applied 
contingency and owner's costs added for this review. 
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Table 3.9 Capital Requirements of the SPS 
(5000 MW), 1978 Dollars x 10^ 


Deve lopment 

Solar Array 
Satellite 

Space 

Construction 

Space Transport 

Earth- 

Totals 







CaAlAs^ 

Phase 

Sil icon 

CaAlAs* 

Bases 

Silicon 

GaAlAs 

Fac il it iea 

Sil is nn 

Research 









Spec i f ic 

152.3 


27.0 

199.8 



379.1 


Systems Studies 

8.2 

- 

1.5 

10.8 

- 

- 

20.5 

- 

Total 

160.5 


28.5 

210.6 



399.6 


Engineering 









Spec i f ic 
Projec t 

621 .0 


3,005.1= 

4,896. 1<* 



8,522.2 


Management^ 

4.8 

- 

23.2 

37.9 

- 

- 

65.9 


Total 

625.8 


3,023.3 

4,934.0 



8,588. 1 


Deroonstrat ion 









Spec if ic 

6,119.3 


6,580.4 

6,977.9 


1,897.6 

21,575.2 


Operat ions® 
Project 

852.5 


916.7 

972.1 


264.3 

3,005.6 


Management 

46.6 

- 

50.1 

53.1 

- 

14.4 

164.2 

- 

Total 

7,018.4 


7,547.2 

8,003.1 


2,176.3 

24,745.0 


Investment 









Specific 

Project 

2,322.0 


18,571.7 

24,361 .6 


16,246.4 

61,501.7 


Management 

31.0 

- 

248.2 

325.6 

- 

217.1 

821.9 

- 

Total 

2,353.0 


18,819.9 

24,687.2 


16,463.5 

62,323.6 


Satel 1 ite 









First ; 









Spec if ic 

4,928.6 


1.892.3 

4,345.3 


2,539.7 

13,706.4 


Proj . Mgt . 

167.4 

- 

64.3 

147.6 

- 

86.2 

465.5 

- 

Total 

5,096.0 


1,957.1 

4,492.9 


2,625.9 

14,171.9 


Avg: 









Spec i f ic ^ 

5,432.2 

5,552.2 

945.0 

3,062.8 

1,900.6 

2,421.3 

11,861.3 

10,819.1 

Proj . Mgt . 

212.8 

212.8 

37.0 

119.9 

115.9 

94.7 

464.4 

464 .4 

Total 

5,645.0 

5,765.0 

982.0 

3,182.7 

2,020.5 

2,556.0 

12,325.7 

11,283.5 

Project Contingency^ 







2,147.0 

1 ,980.2 

Owners Costs at 3X 
Interest During 







491.0 

455.0 

Construction (IDC), 
4X, 3 yr 







816.3 

755.3 

Investment Costs/SPS 







1,092.0 

1,092.0 

Total Capital 







16,872.0 

11,566.0 


®Al located on dollar ratio. 


^SPS Ref. System Costs - GaAs Option - Memo 3/3/80, D. Taylot to NASA. Used only charges in avg. SPS/ 
space transport. Assumed investment phase unchanged. 

'^Full cost of LEO Lab + 0.5 x cost of LEO shuttle flight. 

‘*0.5 X cost of LEO shuttle flight. 

^Demonstration period expendituie allocated on dollar ratio. 

^Various segments include "cost growth and escalation" omitted earlier. 

816X Total + $1092 x 10^ Investment per SPS, net of space transport fleets. 
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Table 3.10 Operation and Maintenance Coata 
of the SPS (5000 MW) 


Cost Component 

10^ $ 
(1978) 

Mills per 
kWh 

Maintenance 



Satellite 



Klystron 

10.8 

0.27 

DC-RF Converter 

15.7 

0.40 

Balance 

15.9 

0.40 

Total 

42.4 

1.07 

Transportat ion 



Materials Facility 

41.3 

1 .04 

Personnel Facility 

87.5 

2.22 

Total 

128.8 

3.26 

Ground Receiving Station 

15.1 

0.38 

Space Construction Bases 

4.2 

0.10 

Cumulative Total 

190.5 

4.81 

Contingency at 13Z 

24.8 

0.63 

Management and Integration at 5Z 

9.5 

0.24 

Grand Total O&M Costs 

224.8 

5.68 


Harron and Wadle also estimated annual operating and maintenance (O&M) 
expenses for the space transport, space construction, and repair of the 
satellites and the ground receiving station. These were not adjusted in any 
way except for conversion to 1978 dollars (with a multiplier of 1.08). Total 
annual expenses (shown in Table 3.10) of $224.8 x 10^ 1978 dollars are 
equivalent to an annual charge of 5.7 mills per kWh of net electrical output. 


3.3.2 Conventional Coal-Fired Power Plant with Advanced Flue Gas 
Desulfurization (H-S Coal) 


The capital costs for the reference system were based on EEDB costs, 
adjusted to reflect a 5.9Z increase in the steam system, insertion of the 
Wellman-Lord sulfur removal system (and removal of the conventional lime 
treater), an additional heat exchanger to increase stack gas temperatures, 
and a larger turbine generator to accomodate higher internal requirements. 

Direct and indirect capital costs are estimated at $452.1 million and 
$90.7 million (1978 dollars), respectively. A contingency allowance of 7Z is 
added to account for the conventional nature of the plant. It is anticipated 
that the owner will spend approximately 9.2Z of the cumulative subtotal on 
expenses such as consultants, permits, and site selection, and an ailijwance 
for funds during construction over the seven-year construction period is 
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estimated to total approximately $52 million (expressed at "real" rates in 
January 1978 dollars). 

Annual operating and maintenance expenses are estimated to be $23.5 
million, representing $5.7 million for the payroll, $4.8 million for disposal 
of residues, and $5.0 million foi acid-gas removal supplies. Other components 
of O&M are materials, supplies, and interim replacements, which contribute 
$7.1 million, and administrative and general expenses, estimated at $0.9 
million. Based on an annual plant capacity factor of 0.7, the annual cash 

expenditures amount to 3.06 mills per kilowatt hour. 


3.3.3 Combined-Cycle Power Plant with Low-Btu Gasifiers (CG/CC) 

Capital costs and annual expenses were based on a 1975 Energy Conver- 
sion Alternatives Study (ECAS)^^ reference plant of 579-MW capacity. As a 
reference system, the unit was updated to 1978 dollars, general facilities 
were segregated, and processing segments were exponentially scaled to 625 MW 
with two units on one site making up the total facility. Appropriate adjust- 
ments were made to substitute the reference eastern bituminous coal and more 
rigorous emission standards. Direct capital costs are $537.4 million. 

Indirect capital costs, $132.7 million or 24.7%, were derived from data 
presented on a 630-MW coal gasification facility found in the Energy Economic 
Data Base (EEDB).^^ A comparison was made summarily to validate this match-up 
by comparing ECAS with EEDB indirect costs for plants with identical capacity 
(of a different type). The indirect construction costs for the two units 
total $132.7 million, with a breakdown of 60% for construction service, 22% 
for home-office engineering, and 18% for field engineering. 

A construction contingency at 9% of the cumulative expenditures wa.«! 
added, resulting in installed facilities amounting to $730.4 million in 1978 
dollars. Owners' costs of $66.5 million and an Allowance for Equity Funds 
Used During Construction (AFUDC) over the seven-year construction period of 
$65.1 million yield a capital requirement for the 1250-MW CG/CC of $862 
million, or $689.60 per installed kilowatt. 

Of the estimated operating and maintenance expenses of $20.66 million, 
materials, supplies, expenses, and interim replacements contribute 47%. The 
336-oerson staff accounts for $7.4 million, and related administrative 
and general costs are $1.2 million. Environmental control costs are estimated 
to be $2.3 million/yr, principally for disposal of dry solid wastes. The 
total contribution of environmental control expenditures to energy cost, at 
the 70% plant capacity factor, is 2.70 mills per kilowatt hour. 


J . 3 . 4 Light Water Reactor (LWR) 

A 1139-MW system was changed to the reference 1250-MW design by use 
of conventional capacity-ratio exponential factors used by the electric 
industry for various segments of the plant. Th i .s method yielded an estimate 
for installed plant cost, in 1978 dollars, of $485.9 million. Indirect 
construct’on costs for the nuclear plant were estimated to be $197.1 million, 
or some 40.6% of the installed equipment. These indirect construction costs 
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included construction services ($75.0 million), home-office engineering ($91.2 
million), and field engineering ($30.8 million). An allowance for contirgent 
expenditures amounting to 8Z of the cumulative subtotal yields a combined 
plant ‘investment of $737.7 million. Owners' costs of 9.3Z and interest during 
construction (IDC) computed on a 12-year construction cycle result in overall 
capital requirements of $890.2 million in 1978 dollars. 

Annual expenditures for operation and maintenance total $16.9 million, 
or 2.31 mills per kWh of net production. Materials, supplies, expenses, and 
interim replacements contribute 57Z ^^1.32 mills) to these costs, with staff 
costs (including administration and general) at 0.83 mills and the balance 
accruing to inspection fees, special insurance, and amortized decommi.^^s iou' ng 
expenses . 


3.3.5 Liquid-Metal, Fast-Breeder Ueactor (LMFBR) 

The basic plant cost estimate, in 1978 dollars, for a 1390-MW LMFBR 
unit, which was prepared by United Engineers and Constructors for the EEDB,^^ 
was downscaled by the appropriate capacity ratio exponents to the 1250-MW 
reference size for a total of $702.9 million in direct construction costs. 
Because of safety and inspection requirements, indirect construction costs 
amount to $262.6 million, for a total facility cost of $965.5 million. A 
project contingency at IIZ was deemed reasonable for this technology, re- 
sulting in a plant investment totalling $1071.7 million in 1979 dollars. 

Owners' costs over the 12-year construction period are estimated at more than 

$93 million, and daring the lengthy period, IDC will accumulate to 1 1 . 3Z of 
the cumulative subtotal, even at the reduced "real" cost of utility capital. 

Annual non-fuel operating expenses amount to 2.96 mills per annual 
kWh of net production, and total $22.7 million. Materials, supplies, ex- 
penses, and interim replacements account for 64Z ; staff, 22Z; administrative 

and general, ?.2%; and the balance (insurance, inspection fees, and allocated 
decomiss ioning expenses), approximat ily 4.8Z. 

3.3.6 Fusion Reactor (NUWMAK) 


The direct capital costs for the magnetically confined fusion facility 
presented in the NUWMAK report^^ were adjusted to a different average labor 
rate for consistency with the LWR and LMFBR data. Unlike the procedure in 
past assessments, in this assessment design allowances for unproven technology 
appropriate for this system were incorporated in the equipment accounts to 
eliminate the customary omissions in conceptual design. Direct capital costs 
for the entire two-unit facility are estimated at $1.5332 billion (in ld‘’3 
dollars) over the staged construction period of 10 years, which includes eight 
years per unit with a two-year lag between construction starts. Indirect 
costs for the reference system have been adjusted upward from those contained 
in the NUWMAK report (41% vs. 35Z) for consistency with the EEDB boiling water 
reactor plant, and thus amount to $628.6 million. Reflecting the project 
uncertainties and status of technology .evelopment, a project contingency of 
18Z is applied to the subtotal for a total plent investment of $2,551 billion. 
The combination of design allowance, increased indirect costs and higher 
contingency rate may seem to escalate the final -ost more than for the other 
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technologies, but it is considered prudent for this concept. In any event, 
the incremental margin would amount to between 15% and 20% of the total plant 
investment, well within cost-estimating accuracy of a novel process. Owners' 
costs of 9% and IDC accruals over the 10-year construction period ($389.2 
million) result in a capital requirement of some $3.1395 billion, roughly 2.5 
times more expensive than the next most costly terrestrial energy investment, 
LMFBR. 


Annual operating and maintenance expenses for the facility were 
adjusted, from the ba.cic NUWMAK report, tc be $57.9 million/yr, which includes 
a 2% factor of direct and indirect costs for O&M plus scheduled replacements 
of other plant facilities. Total O&M costs applied to the energy output 
amount to 7.29 mills per klTh, adjusted from the reference report to include 
amortized decommissioning expenses. 


3.3.7 Central-Station Terrestrial Photovoltaic (TP / 

Direct construction costs^ are estimated to be $120.1 million (1978 
dollars), and indirect construction amounts to $22.4 million, for a cumulative 
tc 1 construction cost of $142.5 million. Project contingency allowances 
,!'’.0%) of $18.5 million yield an installed plant cost of $161.0 million. 

Owners' costs for permits, coordination, consultants, and site selec- 
tion are estimated at 10.2% of the installed plant cost, or $16.4 million in 
1978 dollars. The IDC, calculated on a five-year construction period, is $1.0 
million in real terms, for a capital requirement of $186.4 million in IP’S 
dollars, <^r $863.8 per installed kW. 

O^'-’rating expenses, in 1978 dollars, are $1.66 million per year, 
including $561,000 in payroll and $762,000 for the sinking fund accrual of 30% 
of the basic facility costs for interim replacements. The total, at an 
assumed 25% plant capacity factor, is calculated at 3.5 mills per kV’li . 
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4 COMr..'’.ATIVE ANALYSIS 
4.1 ASSUMPTIONS AND ALTERNATIVE FUTURES SCENARIOS 


4*1.1 Asc’imptions of the Comparative Analysis 

Three levels of comparative analysis are described in the assessment 
framework (Sec. 2) and illustrated ir. Fig. 2.1. These levels are (1) compari- 
son of characterizations, (2) side-by-side analysis, and (3) alternative 
futures analysis. In this section, comparisons are made, issue by issue, at 
each of these levels. Each level of analysis has associated assumptions, and 
are ordered in a hierachy: therefore, the analysis and assumptions are 

cumulative as one proceeds from the lowest level (characterization comparison) 
to the highest level (alternative futures analysis). Before proceeding to the 
description of these comparative analyses, it is important to delineate the 
assumptions used here in order to place the comparisons in proper perspective. 
By assumptions we mean any important information, caveats, or baseline data 
that affect the analysis. 

Many assumptions were made in the course of the comparative analyses, 
and to describe them all would obscure the comparisons. Therefore, the ones 
or scribed here are those that most affect the perspective of the analysis. 
The description of these assumptions is handled sequentially (i.e., as part 
of the characterization, side-by-side analysis, and alternative futures 
analys is ) . 


Comparison of Characterizations . These comparisons are made on the 
basis of the parameters that define a system (e.g., capital cost, O&M cost, 
resource consumption, and 'environmental residuals). Therefore, the charac- 
terization comparison is solely dependent on the technology description. For 
currently utilized technologies (i.e., coal and nuclear fission) most of these 
parameters are fairly well-defined because advanced technologies represent 
extrapolations of existing systems. In the case ■"'f the newer technologies 
(i.e., TPV, SP " fusion), in which similar technology (s not in operation, the 
parameters represent estimates based on design assumptions. 

The technologies selected snd characterized for these assessments are 
intended to represent electrical supply systems that could satisfy energy 
demand in the 200C-2030 era. Some of the advances ir. design are in limited 
operation or have been demonstrated, but for others, only design or conceptual 
information exists. The characterizations were carefully prepared so that the 
analysis of each technology is internally consistent. For example, the 
capital cost information presented for a technology ’ucludes the cost of 
environmental control systems, and the assessment of environmental performance 
is based on the same environmental control systems. The characterizations 
were dev. loped according to an integrated proctcure; therefore, character! 
zation data reported in this assessment may be v'ifferent from piecemeal 
infomation (eg., capital cost, environmental pernrmance) reported else- 
where . 
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Side-By-Side Analysis . The side-by-aide analysis uses the characteri- 
zation information with impact models to determine the impact of a technology, 
and then normalizes this impact to a unit of net energy output. The determin- 
ation of impact in most cases requires assumptions about the state of the 
world (e economic conditions, technology penetration, other environmental 
pollutants . These assumptions were made in a nonintegrated fashion from 
issue to issue. For example, in the health and safety analysis certain 
baseline environmental assumptions were necessary, from which incremental 
health impacts from the addition of another power plant could be determined. 
The results of this type of assessment are generic, not region-specific. 
The impact models are based on dose-response data derived from experience with 
existing technology, and the pollution levels they indicate do not necessarily 
represent projections of what the impact might be from pollution by new 
technologies. For example, occupational health and safety information 
was developed from the most representative currer.c technology, in an attempt 
to predict the levels of occupational heilth and safety impact of the future 
technologies. The important assumptions (e.g., key economic parameters) that 
are made in each side-by-side comparative analysis are described in each 
sect ion . 


Alternative Futures Ana^-ysis . Since the objective of this comparative 
assessment is to compare technologies projected for the post-2000 era, a great 
number of assumptions are required. Most of these assumptions are highly 
uncertain and interdependent, so that a single consistent set may not present 
the decision maker with an adequate and consistent comparative perspective of 
the future. The alternative futures analysis was chosen as a means of 
providing a broader perspective of the most important parameters that describe 
the future. These alternarive futures perspectives represent an integrated 
parametric analysis of plausible but unforecastable events, to provide a 
broader picture of the comparative issues. Tlie assumptions underlying the 
alternative futures analysis constitute a set of energy supply/demand futures 
or scenarios. 

The alternative futures scenarios describe the level of energy demand 
and the mix of energy technologies that are used to meet this demand, given a 
set of assumptions about the U.S. economy. The levels of technology deploy- 
ment and economic assumptions in each scenario can be used to calculate a 
comparative assessment. The scope of this assessment is limited to electrical 
energy and does not describe mixes of nonelectrical energy supply. 

These scenarios are created from a consistent economic model so that 
interdependencies betweer economic assumptions are preserved. Scenarios were 
selected as a means of exploring and analyzing, not predicting, the economic 
energy future. The scenarios were selected to represent a plausible future 
v/orld, and no probabilities are assigned to any of them. We are not attempt- 
ing to eliminate uncertainty in our choice of scenarios; in fact, by choosing 
a range of scenarios we hope to explo" the dimensions of uncertainty more 
fully. Scenarios were selected to provide a comparative perspective on the 
negative and positive aspects of demand and mixes of jupply technologies in 
the post-2000 era. The remaining part of this section will briefly describe 
the procedure and tha energy supply-demand scenarios used in the alternative 
futures analysi . A more detailed technical description of these scenarios is 
found in a separate report. ^9 
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4.1.2 Alternative Futures Scenarios 


At a time when petroleum energy prices have ir-reased nearly tenfold in 
a decade, and analysts have dijfi''jlt'- unu&r:; tending events that have already 
occurred, the notion of making energy/economic forecasts well into the 21st 
century seems foolhardy. 

Given the long-range perspective of the SPS (i.e., not available until 
year 2000), a 50-year horizon for evaluating alternative major energy technol- 
ogies (such as the SPS) is necessary. The key problem is how to reduce the 
vast number of possible "alternative futures" to a few meaningful alternatives 
that encompass the range of significant policy variables and unknowns without 
simply creating confusion. The solution is to focus attention mainly on the 
factors that may cause energy prices and demands to vary under a given set 
of economic-demographic assumptions. The underlying economic analysis — a 
major research effort in itself — was borrowed irom the work of Ridker and 
Watson . 

Most energy/economic analyses begin with some model of the relationship 
between energy consumption and GNP. Tlie simplest model, found mainly in 
pre-1973 studies, was based on the observation that GNP and energy demand, 
E, have tended to move closely in tandem in the U.S. for several decades. A 
simple E/GNP ratio was sometimes assumed. Deeper study of the data revealed 
a long-term declining trend in this ratio (see Fig. 4.1). This can be inter- 
preted as a result of the economy's shift from energy-intensive primary 
agriculture and materials and manufacturing industries toward services, 
which add greatly to the GNP without consuming much energy. 

Until 1973, energy prices were declining, on the average, so that 
demand for energy presumably would have increased if it were not for the 
structural changes in the economy mentioned above. After 1973, of course, 
energy prices rose very shnrply. The expected response in a market economy is 
a further decrease in demarid, together with increased supplies. The balancing 
mechanism is illustrated schematically in Fig. 4.2. 

A number of medium- and long-term energy/econotr ic models have an 
optimizing scheme (uscally some mathematical programming algorithm) to project 
future energy costs for specified levels of demand. This procedure is classi- 
fied as partial equilibrium insofar as the reverse feedback, i.e., the 
dependence of GNP on energy prices, is neglected. Examples include the ETA 
Model, the Nordhaus Model, ^2 Brookhaven BESOM Model, and a dynamic 

version known as DESOM.^^ All of these models assume that energy prices are 
bounded by the long-term marginal costs of supply. The independence of GNP 
and energy-influenced price changes can be a convenient, although rough, 
approximation if the energy sector is very small (4%) compared to the rest of 
the GNP. 

The ETA-MACRO^^ model is another kind of general equilibrium model with 
a more detailed energy' sector driven by an aggregated macroeconomic model, 
which includes a link between economic growth and investment. There are 
several dynamic, multisector, general equilibrium models in the literature, 
ircludrng Hud son-Jorgenson , PIES,^^ and Gulf-SRI,^® but they are all 
necessarily very complex and consequent !'• difficult to use and to explicate. 


52 


A 


3 (Gross tneray in thousand Btu /output in 1971 dollors) 

10 Btii/ 1971 DOLLARS 



1925 1950 1975 2000 2025 


Fig. 4.1 U.S. Energy Output Ratios, 1929-1974, 
and ?ase Projections to 2025 
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Labor 

Capital 



Fig- 4.2 Simplified Macroeconomic Model of the Interaction 
between Energy and the Economy 


Probably the long-term model that is most sophisticated in its treat- 
ment of interindustry relationships and capital accumulation is the Resources 
for the Future (RFF) model, developed by Ridker and Watson,^® based on a 
185-sector dynamic interindustry model. The RFF model was selected for 
this assessment on the basis of several selection criteria — sectoral detail, 
endogenous treatment of both capital investment and final demand, and trans- 
ferable experience in the form of existing model runs covering the desired 
time frame — 2000-2030. 

Table 4.1 provides our assumptions about population, labor force, labor 
productivity, and GNP in constant (Jan. 1978) dollars. The population 
figures incorporate a replacement fertility rate of 2.1 children per woman. 
Although the total fertility rate is currently around 1.9, there is no basis 
on which to assutae it will remain at this unprecedented level. Moreover, 
immigration — illegal as well as legal — will probably remain above the 
400,000 per year that is incorporated into these projections. The labor 
numbers, which cake into account increased female participation in the labor 
force, somewhat earlier retirement age, and other trends, are consistent with 
the population figures. The GNP, derived from projections about the labor 
force, participation rates, employment rates, changes in working hours per 
year, and productivity growth rates, increases at an annual rate of 2.8% 
between 1980 and 2000 and 2.5% thereafter. Tliis compares with a rate of 3.1% 
per year between 1970 and 1979 and 3,4% between 1950 and 1970, The decrease 
in GNP growth is due in part to declining productivity, attributable to the 
need to divert capital into the energy sector and energy conservation. Clear- 
ly, this economic scenario is only oi e of several self-consistent possibili- 
ties. It pro -ably represents an upper limit to GNP growth. 
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Table 4.1. RFF Model Assumptions about Population, Labor Force, 
Productivity, and GNP, 1975-2025 


Element 

1975 

1980 

1985 

2000 

2025 

2030 

Population (millions) 

214 

225 

236 

264 

304 

312 

Labor force (millions) 

95 

107 

111 

J24 

139 

142 

GNP (billions, 1978 $) 

1754 

2108 

2394 

3691 

6449 

7000 

Consumpt ion 

1131 

1350 

1451 

2351 

4226 

- 

Investment 

219 

304 

435 

426 

1011 

- 

Government 

383 

403 

482 

742 

1154 

- 

Exports 

131 

175 

196 

315 

676 

- 

Imports® 

-99 

-1 52 

-184 

-312 

-643 

- 

Inventory change 

-14 

11 

14 

17 

27 

- 


^Import requirements are computed explicitly in the RFF model, making due 
allowance for the cost of imported energy. Exports are then calculated 
on the basis of the long-run equilibrium assumption that international 
currency exchange rates automatically adjust to permit exports to balance 
imports . 


But future energy demand and prices depend not only on GNP but also on 
other parameters of the economy. The key unknowns are as follows: 

• The inherent energy intensiveness of the economy, or 
(equivalently) the price elasticity of demand; 

• The degree of effective constraint on production of 
coal and nuclear energy that will be imposed for health, 
safety, and environmental reasons; 

• The cost of 6/nthetic fuels from coal and energy from 
other medium- or long-term technological alternatives, 
including wind, biomass, passive solar collectors, 
terrestrial photovoltaic cells, SPS, and fusion. 

For simplicity we have considered three alternative price elasticities 
of aggregate demand for energy, namely: 

H. High energy intensiveness, corresponding to low 
elasticity (-0.25). 

I: Intermediate energy intensiveness, corresponding 

to intermediate elasticity (-0.4 for residential 
and housing demand, -0.7 for industry, 0 for 
feedstocks ) . 

L: I.ow energy intensiveness, corresponding to high 

elasticity (-0.75). 
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Regarding constraints, we have selected two cases; 


U: Unconstrained supply of coal and nuclear power. 

C: Constrained supply, due to health, safety, environ- 

mental, and other limitations on the rate of increase 
of supply. 


It is important to note that we have assumed domestic production of 
petroleum and natural gas, and imports of these fuels, to be strictly limited 
by geological factors in the first instance and by international political 
factors in the second. The combined effect of all constraints is shown 
in Table 4.2. 


are 


As 

taken 


regards long-run supply costs, our basic assumptions (Table 4.3) 
from a recent comprehensive appraisal by Resources for the Future.^® 


Table 4.2 Constrained Energy Supplies (10^^ Btu) 
for Future Scenarios 


Energy Source 

1980 

1985 

2000 

2025 

2030 

Petroleum 

Domestic production 

20.2 

16.5 

11.2 

6.1 

s.l 

Net Imports 

18.0 

18.0 

18.0 

18.0 

18.0 

Total 

38.2 

34.5 

29.2 

24.1 

23.1 

Natural gas 

Domest ic gas 

19.4 

17.6 

12.0 

5.6 

4.3 

Net Imports 

2.3 

3.0 

3.0 

3.0 

3.0 

Total 

21.7 

20.6 

15.0 

8.6 

7.3 

Coal 

Direct 

14.9 

19.2 

21.1 

22.0 

28.2 

Converted 

0 

0 

8.5 

20.8 

23.0 

Total 

14.9 

19.2 

29 . 7 a 

47. Sa 

51 . 3 a 

Nuc lear 

3.0 

5.0 

10.0 

14.5 

15.4 

Hydro 

3.2 

3.2 

3.3 

3.5 

3.5 

Geothermal 

0 

0 

1.0 

3.0 

3.5 

Solar^ 

0 

0 

1.1 

6.4 

7.5 

Shale 

0 

0 

5.0 

18.3 

21.0 

Total Consumption 

81 .0 

82.5 

94.3 

126.2 

136.6 

^Or other 'ombinations with the 
^Passive solar collectors or hot 

same total 
: water and 

seasonal 

space 



heating in suitable applications. 
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Table 4.3. Assumed Long-Run Costs per 
Million Btu (1978 $) 


Coal gasification 

$3.17 for conversion 
+ $0.97 for distribution 

Shale oil 

$4.67 for extraction 
+ $1.90 for refining and distribution 

"Alternatives" (e.g., passive solar, wind, etc.) 

$9.00 standard case, or 

$4.50 "decentralized" case, assuming a Cust 
breakthrough 

Electric ity 

$7.33 fo’" conversion from coal 
$8.96 for inversion from nuclear fuel 


Source: Ref. ^ 


Not>; that two price cases for "alternative sources" were considered. The 
higher ($9/10^ Btu) is consistent with continued dependence on centralized 
electric or gas utilities However, the lower-price case ($4.50/10^ Btu) 

would presumably lead to .uore decentralized energy production. Two scenario.', 
of the latter type are considered. 

The procedure for quantifying, scenarios is outlined briefly as follows. 
First, from the assumed GKP growth rate and assumed price elasticities of 
demand, a set of projections of alternative energy (E) to GNP ratios can be 
derived, as shown in Fig. 4.3. Derailed demands by each of 185 sectors of the 
economy are computed from an input-output model for this economic scenario, 
assuming fixed prices. Next, demands for specific fuel types are generated, 
and a supply-demand balance is computed for each of six scenarios, repre- 
senting combinations of the levels of price elasticity and constraints, as 
follows: UH, UI, UL, CH, Cl, CL. The supply-demand balances are displayed in 

Fig. 4.4 (2000) and Fig. 4.5 (2030). 

Tht! next step was to calculate the energy prices (for each primary fuel 
and for electricity) that would match supply and demand in each year. Adjust- 
ment lags of unknown length make this calculation approximate. The final 

steps involve recomputation of total demand, by sector, for the revised energy 
prices; recomputation of total E and E/GNP; and reiteration of the whole 
sequence until convergence is achieved. 

Our baseline scenario is the constCc-ined case with an intermediate 
value of price elasticity (designated Cl). This choice reflects our belief 
that constraints on production growth are likely to continue, rather than 
abate; that the intermediate value of elasticity i.' more likely than either I’f 
the extremes; and that the higher cost level ($9.00/10^ Btu) is more realistic 
for "alternative sources" than the tower cost ($4.50/106 gtu) . 



Fig. 4.3 R^tio of Gross Energy/GNP, in 10^ Btu/1971 




Fig. 4.4 Supply-Demand Pat 








Supply-Demand Patterns for Various Scenarios in the Year 2030 
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In only one case -- the unconstrained, h igh-energy-intens iveness 
scenario (UH) -- does the economy of 2030 depend on electricity more than it 
does at present . 

In all other cases, the use of electricity can be expected to decline 
in relative importance, at ’east after the year 2000. In Fig. 4.6 electrifi- 
cation is plotted as a percentage of net energy use in the economy, for 
three representative scenarios. 

It is noteworthy that the foregoing resu’*’« are qualitatively dependent 
on most of the detailed supply/demand price projections. The calculated 
supply-demand balances are shown graphically for all scenarios for the years 
2000 and 2030 in Figs. 4.4 and 4.5. Price projections for all scenarios are 
displayed graphically in Figs. 4.7-4.10 for oil, gas, coal, and electricity, 
respectively. Nuclear fuel prices for light water reactors and LMFBRs are 
shown in Table 4.4. As expected, energy prices rise much faster Hnd higher in 
the 'constrained' scenarios than in the unconstrained cases. 

Table 4.5 shows a comparison of the six comparative assessment scenar- 
ios and projections updated by the Energy Information Administrat ion.*41 The 



Fig. 4.6. "i lec tr i f irat ion as a Percentage of Net 
Energy Use: Tlirec Scenarios 


*Supply assumptions and costs for uranium were developed separately but are 
consisteit wirh the rest of the calculations. 



rices 
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Fig. 4.8 Delivered Natural Gas Prices, $/10^ Bt 
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1980 es 90 95 2000 05 10 

Fig. 4.10 Electricity Prices, $/10^ Bt 
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Table 4.4 Nuclear Fuel Prices (1978 $/lO^ BCu) 
for Future Scenarios 


kear 

Light Water 

Reactor 


LMFBR 

UH, UI, UL 

CH, Cl, 

CL 

All Scenarios 

1980 

0.62 

0.62 


a 

1985 

0.67 

0.76 


a 

1990 

0.71 

0.81 


a 

2000 

0.72 

0.86 


0.64 

2010 

0.79 

0.95 


0.65 

2025 

0.89 

1.12 


0.67 

2030 

0.93 

1.17 


0.68 

■LMFBR 

introduction assumei 

between 

1990 

and 2000. 


Table 4.5 Electrical Generation in Coaparative Assessment 
Scenarios and Two Other Projections (10^ kWh) 


Energy 

Source 

EIA* (1995) 
1978 Annual 
Report 

EPRI^* 

(2000) 


Comparat 

ive Assessment 

(2000) 


UH 

UI 

UL 

CH 

Cl 

CL 

Coal 

2549-3163 

3396 

1922 

1300 

738 

563 

91 

1010 

Oil 

130-85 

390 

126 

126 

126 

126 

126 

126 

Gas 

42-17 

0 

126 

126 

126 

126 

126 

126 

Nuc lear 

978-1215 

2795 

3010 

1621 

1223 

893 

970 

970 

Hydro 

327-323 

395 

320 

320 

320 

320 

320 

320 

New 

96-76 

164 

106 

106 

106 

106 

106 

106 

Total 

4122-4879 

7140 

5610 

3600 

2640 

2134 

2610 

2660 


■Source: Ref. 41. 


^Source; Ref. 42. 


comparative assessment scenarios fall within the range of those reported by 
EIA (with the exception of the nuclear/coal distribution) but lower than the 
EPRI projections. We do not feel that the comparative assessment scenarios 
are any better or worse than the EIA or EPRI scenarios, just different. 
However, we feel that the comparative assessment scenarios are plausible, 
representative, and useful for alternative future comparisons. 

Table 4.6 shows the total installed capacity and new baseload construc- 
tion for the six scenarios. Since the total capacity and additions were not 
substantially different for several of the scenarios, only the three most 
representative scenarios (UH, UI, and Cl) were selected for comparative 
analysis. These cases represent the range of energy growth in the six 
scenarios. Tables 4. 7-4.9 report the cumulative capacity for each technology 
for the three scenarios with and without SPS. These capacity levels will 
serve as the basis for the comparative analyses reported in subsequent 
sections of this report. 
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I 

Table 4.6 Total Installed and Ne«r-Cons true t ion Baseload Capacity 
(1000 MW) for Six Comparative Assessment Scenarios 


UH UI UL CH Cl CL 


Year Total 

New 

Total 

New 

Total 

New 

Total 

New 

Total 

New 

Total 

New 


63 

202 

63 

202 

63 

202 

63 

202 

63 

202 

63 

2000 906 

231 

536 

140 

364 

91 

288 

47 

402 

63 

364 

91 

2015 1344 

382 

570 

114 

359 

58 

385 

184 

398 

100 

358 

58 


417 

586 

173 

335 

78 

503 

80 

378 

no 

335 

78 


Table 4.7 Energy System Deployment (GW 
of Capacity) for Scenario UH 
with and without SPS 


Technology 


Year 


1980 

2000 

2015 

2030 



With 

SPS 


Coal 

155 

354 

395 

460 

LWR 

47 

508 

546 

534 

LHFBR 

0 

44 

175 

312 

TPV 

0 

0 

36 

72 

SPS 

0 

0 

150 

300 

Fusion 

0 

0 

42 

94 

Total 

202 

906 

1344 

1772 



Without SPS 


Coal 

155 

354 

470 

584 

LWR 

47 

508 

574 

628 

LMFBR 

0 

44 

210 

375 

TPV 

0 

0 

36 

72 

SPS 

0 

0 

0 

0 

Fusion 

0 

0 

54 

113 

Total 

202 

906 

1344 

1772 
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Table 4.8 Energy System Deployment (GW of 
Capacity) for Scenario U1 with 
and without SPS 


Year 


Technology 

1980 

2000 

2015 

2030 



With SPS 


Coal 

155 

238 

166 

70 

LWR 

47 

263 

208 

169 

: *:pbr 

0 

34 

81 

125 


0 

0 

24 

48 

SPS 

0 

0 

75 

150 

Fusion 

0 

0 

16 

24 

Total 

202 

515 

570 

586 



Without 

SPS 


Coal 

155 

238 

181 

109 

LWR 

47 

263 

227 

177 

LMFBR 

0 

34 

111 

195 

TPV 

0 

0 

24 

48 

SPS 

0 

0 

0 

0 

Fus ion 

0 

0 

27 

57 

Total 

202 

535 

570 

586 


Table 4.9 

Energy System Deployment 
Capacity) for Scenario Cl 
and without SPS 

(GW of 
with 



Year 



Technology 

1980 

2000 

2015 

2030 



With SPS 


Coal 

155 

224 

121 

24 

LWR 

47 

157 

116 

73 

LMFBR 

0 

22 

79 

124 

TPV 

0 

0 

18 

36 

SPS 

0 

0 

50 

100 

Fusion 

0 

0 

14 

19 

Total 

202 

403 

398 

378 



Without 

SPS 


Coal 

155 

224 

135 

30 

LWR 

47 

157 

130 

94 

LMFBR 

0 

22 

92 

169 

TPV 

0 

0 

18 

36 

SPS 

0 

0 

0 

0 

Fus ion 

0 

0 

23 

49 

Total 

202 

403 

398 

378 
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4.2 COST AND PERFORMANCE 
4.2.1 Introduction 


The comparison of projected energy costs for alternative technologies 
is a prime consideration in the selection of programs for further research and 
development. The basic energy costs of the SPS and other technologies are 

described in Sec. 3.3. The goal of these cost analyses is to produce an 

objective comparison using consistent data and assumptions. These comparisons 
were performed with an internally consistent and traceable data base that was 
developed for this assessment. In addition, many assumptions were made in 

performing the cost comparisons reported in this section. Therefore, the 
absolute numbers riiported here are intended only for the present comparison, 
should not be compared to assessments or energy cost studies reported else- 
where . 


Different costing methods, assumptions, or base data could affect 
the calculations substantially so that comparability to other studies is 
not possible without a detailed knowledge of technology costing and the 
differences in assumptiori and data that exist between studies. However, the 
goal of this study was not to produce information that is directly comparable 
in detail to other studies, but rather to be internally consistent, so that 
this cost compai ison would be useful in decision making concerning the rela- 
tive economic viability of SPS. 

The comparative cost analysis conducted in this assessment was a 
multistep process. These steps were assembled into an evaluation framework 
so that the numerous analytical steps could be performed in an orderly 
progression. Figure 4.11 shows the sequence of steps in the evaluation 
framework . 

The results of four of these steps are discussed in other sections 
of this report: the SPS and the six alternative technologies are charac- 
terized in Sec. 3; the cost characterization, which includes capital and 
operation and maintenance data, is described in Sec. 3.3; and the alter lative 
future energy supply-demand scenarios, which include SPS implementation rates, 
are described in detail in Sec. 4.1. 

The next section of this report (Sec. 4.2.2) will begin with a descrip- 
tion of the cost uncertainty that exists in the base data that is reported in 
Sec. 3.3 for all of the technologies. The uncertainty in fuel price projec- 
tions that resulted from the alternative futures scenarios will be reported in 
Sec. 4.2.3. Section 4.2.4 contains comparative cost information standarized 
to levelized annual costs for all technologies. The comparative cost informa- 
tion described in Sec. 4.2.4 was subjected to sensitivity analyses, which are 
discussed in Sec. 4.2.5. Finally, an uncertainty analysis of the comparative 
costing approach was conducted, and this analysis and its implications for any 
future comparisons are discussed in Sec. 4.2.6. This cost comparison section 
ends with some summary statements regarding the status and conclusions of the 
analys is . 



A. 11 Cost snd Performance Evaluation Framework 


4.2.2 Uncertair.ly in Capital Cost Ranges for SPS and Alternat ives 


Capital costs of technologies that have not yet been developed are 
highly uncertain and depend in part on the coannitment maJe to, and the results 
of, future R&D efforts. At this time the estimated ranges of capital costs 
for the SPS and the other advanced technologies are large. Significant 
uncertainties also exist in the projected cost of energy from current or 
conventional technologies. Capital costs for electric generation technologies 
to commence operation in the year 2000 are highly uncertain. Accurate projec- 
tions of costs in that era, even for technologies that are in coaunercial 
operation today, are still difficult. Consideration of factors that con- 
tribute to the range of estimated costs is necessary for a valid pairwise 
comparison of technologies, and these factors have been included in the 
following analysis and assessment. 

There are many parameters that could be factored into the estimation 
of capital cost uncertainty, but we have chosen to aggregate the capital 
cost uncertainty into the following three factors that ve feel represent the 
major uncertainties; 


Uncertainty about future costs of materials, supplies, 
and labor necessary to construct power plant facilities; 

Uncertainty about the future requirements and associated 
costs of environmental and safety equipment; and 

Uncertainty about the capability of technologies to 
perform as conceptualized. 


The uncertainty associated with factor 1 was generally accounted ^or 
through an analysis of the Handy-Whitman Index^^ of public utility construc- 
tion costs, %diich is widely used as a 'benchmark" index by the electric 
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utility industry. It is here referred to as a benchmark since it is derived 
not from actual project construction costs, but rather from a periodic 
sampling of a market basket of over 30 standard commodities and components 
used in conventional utility plant construction. The market basket contents 
have not been updated significantly in many years, so that the index more 
closely tracks a lower bound of cost increases. Thus, the Handy-Whitman 
Index doss not appropriately account for technological or regulatory cost 
increases, as is typified by the added cost of sulfur-removal or nuclear- 
safety requirements imposed by Kjislation in recent years. 

However, this index does measure the nominal real cost increases 
in power plant construction. The lack of revision in commodity mix is 
judged not to be a serious problem, since the mix of added environmental and 
safety equipment and personnel in post-1970 plants is the same as that of the 
plants overall. 

Over the 30-year period 1948-1978, the Handy-Whitman Index has in- 
creased in real terms (relative to the GNP deflator) at an average compound 
rate of 1.5Z per year. For the period 1948-1978, increases were about IZ per 
year, %diile for the period 1968-1978 increases averaged over 2Z per year 
relative to the GNP deflator. The analysis of the Handy-Whitman Index indi- 
cates that the compound annual real cost increases exhibited over the past 10 
years are 1 . 3Z per year for coal and 2.0Z per year for nuclear. 

Information on factor 2 was derived from construction cost information 
assembled over the past decade. Although the available data contain the cost 
estimates of actual construction projects, these estimates are for a mix of 
plant sizes. However, the data indicate approximately a lOZ per year real 
increase early in the period, with the rate of increase tapering off to 
about 7Z per year more recently. These rates of real escalation are due 
primarily to added safety regulations and environmental controls that have 
been imposed over this period; no time-related factors are included. The 
easing of these rates in more recent years is a result of attempts to con- 
solidate and simplify the existing regulations and of a decrease in the 
escalation rate due to new regulations. Although these rates may ease 
even more in the future, it is also pocsible that they may continue to be 
quite substantial. Thus, continuing rates of 3Z and 6Z per year have been 
assumed as a high range of escalation for the coal and nuclear technologies, 
respect ively. 

Factor 3 uncertainties are based on judgments about the technical 
uncertainty surrounding an advanced technology. Since this is a comparative 
assessment, these numbers were derived from a range of estimates reported for 
each technology or from uncertaintv in the technology definition. 

Low, nominal, and high capital costs were derived for each technology, 
using the three factors just described. The uncertainties for each technol- 
ogy, at the low, nominal and high cost levels, are summarized in Table 4.10. 

A factor of 1.3 was applied to the combined-cycle system and one of 
1.35 to the LMFBR system. For the combined-cy : le alternative, the gasifier 
elements make up the major technological uncertainty and also compose 30Z of 
the nominal plant costs. It has been assumed that this component might 
increase in cost by as much as lOOZ. For the LMFBR, two recent estimates 
provided by United Engineers and Constructors show plant costs to vary by 33Z. 


Table 4.10 Capital Coat Uncertainty Factora for Alternative Technologies 
(Low, Noninal, and High Values) 
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An uncertainty factor of 5.0 waa applied to the 1978-dollar costs of 
the SPS system. This value is equivalent to a factor of 4.6 applied to the 
year-2000 base construction cost and was estimated from vorioun cost ranges 
recently documented in the SPS 1 iterature .^5 ,46 During 1976 and 1977, 
several independent study teams gave cost estimates that ranged from a low 
$1400 per kilowatt to a high of $6000 per kilowatt. 

A recent ECON report^^ points out the sensitivity of the probability 
distribution of a coat to a change only in the solar cell assumptions of the 
Rockwell International design.^ By a change in assumptions, the spread of a 
total cost distribution for the first theoretical unit was increased from a 
high/low ratio of 2 to one of 4. In an article on SPS costs, Glaser dis- 
cusses the SPS prira tag and cost distributions. He states that the cost of 
producing the second 3-GW SPS may range from $8 to $35 billion, with a median 
cost of $14 billion. 

Little information is available from which a possible range of costs 
for the terrestrial photovoltaic system can be derived. A reasonable assump- 
tion, however, is that this cost range should lie somewhere between the 
range of the combined cycle or LNFBR and that of the SPS. Since most of the 
uncertainty results from technical unknowns related to solar cell technology, 
and in light of ECON's results^^ concerning the possible impact of cell 
costs on SPS, a factor of 4.0 was assigned. 

A combined factor, used to derive the high, year-2000 bounds of 
capital costs, was thus taken to be the product of the high multiplicative 
factor and the uncertainty factor for the appropriate technology option. The 
resultant combined factor was then multiplied by the 1978 base costs to arrive 
at the upper bound estimate. 

An examination of the ratio of h.^h to low year-2000 capital cost 
estimates resulting from these assumptions shows a reasonable consistency with 
the level of current knowledge and state of development apparent for each 
technology. This ratio varies from a value of 2.11 for convent io'al coal 
systems to come on line in the year 2000, to 4.38 for the SPS in the same 
period. Table 4.11 svsnmarizes the year-2000 capital cost ranges used in the 
analys is . 


4.2.3 Fuel Price Projections 


Background and Methodology . Projections of any type ’tending far into 
the future involve many uncertainties that are amplified wi.en that forecast 
attempts to define energy supply, demand, and costs. Energy sector uncertain- 
ties arise in three principal areas: (1) Future energy policy decisions, 

reflecting actions and reactions between producers and consumers, are not 
predictable. (2) The ultimately recoverable reserves of energy resources 
cannot be precisely defined and, similarly, the rate of improvement in produc- 
tion or efficiency for developing technologies such as photovoltaic cells 
cannot be rigorously determined. (3) The price elasticity of energy substitu- 
tion in the total economy is not fully known, and therefore assumptions must 
be made about the adaptability of ClfP to varying components of gross energy 
supply. 
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Table 4.11 Capital Coat Rangea for Technical 
and Regulatory Uncertainty ($/kW) 


Coitf 

Coal 

LWR 

cc/cc 

LHFBR 

TTV 

Fusion 

SPS 

1978 Cost* (Noainal' 

549 

712 

690 

1037 

844 

2378 

3340/3079 

iOOO Cot(« 

Low 

647 

886 

813 

1291 

731 

2378 

3139/2874 

Noninal 

762 

1100 

957 

1603 

1057 

3677 

3646/3362 

Hirh 

16C5 

2566 

2623 

5048 

4229 

? 

16,698/ 

15,398 

Colt Ratios: 

2000 Low/1978 Honinal 

1.18 

1 .24 

1.18 

1.24 

0.87 

1 .00 

0.94/0.94 

2000 Noainal/2000 Low 

1 . 18 

1.24 

1 . 18 

1.25 

1 .45 

1.55 

1.16/1.16 

2000 High/2000 Noainal 

2.11 

2.33 

2.74 

3.14 

4.00 

7 

4.58/4.58 


Possible future scenarios (described in Sec. 4.1) were defined by 
assuming certain values for key unknown parameters and by following an inter- 
nally consistent computational pathway. Reasonable boundary assumptions were 
made concerning the key unknowns, ich established the range of v-lues within 
which most plausible futures will fall. 

The long-run coses of fuel (primary energy) are, in part, predicated 
on OPEC maintaining petroleum prices just below the long-run costs of pro- 
ducing substitutes from oil shale or coal. The cost of synthetic natural gas 
from coal was projected from a non-fuel cost of $3.17/10^ Btu plus 1.25 times 
the cost of coal per 10^ Btu (to allow for the 801 efficiency estimated tor 
the gasification process) plus an assumed $0.97/10^ Btu for transmission and 
distribution. Similarly, the long-run cost of natural gas was determined to 
be equivalent to its alternative — high-Btu gas from coal. Finally, the 
long-run cost of electricity was baaed on non-fuel capital costs for the 
projected coal/nuclear ratios, assuming generation from oil and natural gas 
phased out and modest improvements in conversion efficiency between now and 
2030. 


Fuel Price Paths . The long-run costs dictate the price of electricity, 
but the cost of other energy forms can differ when there are supply con- 
straints. Oil prices ere estimated to increase at a rate that maintains OPEC 
production more or less at constant levels, and, at a relatively inelastic 
demand, OPEC could seek increased prices because of constraints on coal and 
oil shale. However, if the price should reach $9.20 per 10^ Btu, it is esti- 
mated that large quantities of low-level solar thermal energy could become 
economically attractive,^® free of the environmental constraints affecting the 
development of other resources. Natural gas prices essentially follow the 
pattern of oil prices and are set so that remaining resources are produced 
before higher-co'st gas from coal or substitutes such as solar enter the 
market. In scenarios featuring low elasticities (energy-intensive GNP) , the 
rate of price increases is high, and particularly so when supply constraints 
affect coal production. 

The price of coal is expected to increase from $1.15 to $1.38/10^ Btu 
between 1980 and 1985 because of impacts from the Surface Mine Control 
and Reclamation Act of 1977 and the possible continuation of decline in 



productivity. Beyond 1985, new federal leases of land with high-quality coal 
will keep prices constant until 2000 , with modest increases thereafter to 
reflect increased long-run costs resulting from rapid production increases 
when the supply is not constrained. If the supplies are constrained and the 
price-demand elasticity is moderate or low, prices increase above the long-run 
costs until demand is dampened to the required level. 

Uranium prices, for convenience, are assumed to differ only between the 
constrained and unconstrained scenarios. The rationale is that future supply- 
demand conditions of the world-wide market, not local markets, will deter, ine 
prices . 

Projections . Three scenarios were used to measure a range of possible 
fuel prices and supplies. They are; 

UH: An unconstrained scenario wherein energy price elas- 

ticities of demand are low (-0.25) and the energy/GNP 
ratio is therefore relatively ccnstant. The uncon- 
strained scenario is defined as possessing controls at 
about the level that existed in 1970. 

UI: An unconstrained scenario wherein the energy price 

elasticities of demand are moderate (-0.7 for indus- 
trial fuel use, -0.4 for all other fuel uses and 0 for 
feedstock use). 

Cl: A constrained scenario wherein the energy price elas- 

ticities of demand are moderate, as in UI. The con- 
straints imposed are based on environmental, health, and 
safety aspects of coal and nuclear fuels and serve to 
restrict rapid expansion of production. Petroleum and 
natural gas are constrained only by world market 
conditions . 

The delivered costs of fuels as projected by the RFF model^® are 
shown in Table 4.12 and graphically displayed in Fig. 4.12 for the period 
1980 to 7030. For comparison, the ci.1 Technical Assessment Guide^^ gives 
coal price estimates of between $2.00 and $2.40/10^ Btu, depending on the 
consuming and supply regions. Ou'* unconstrained price trajectory for LWR 
fuel agrees very closely with the EPRI projection until 2000, after which EPRI 
does not project LWR fuel costs. li.® corresponding U 3 O 8 prices for the 
unconstrained and constrained scenarios are shown in Fig. 4.13. 


4.2.4 Cost Comparisons 


The comparative costs reported in this section were calculated by the 
revenue -requirements (RR) method used by utilities and prescribed by regula- 
tory agencies. Levelized life-cycle costs were calculated by a constant- 
dollar revenue-requirements method similar to the approach recommended by the 
Electric Power Research Institute (EPRI) for the analysis of generating costs 
of alternative technologies. 50 The important assumptions of this method 
will be briefly described here; a detailed description of the methodology is 
provided in the EPRI report. 50 


i 


75 


Table 4.12 Fuel Cost Projections (1978 $/10^ Btu): Delivered 

Prices for Three Scenarios, 1980 to 2020 


- j Study Period 

Scenario and ^ 

Energy System 1980 1985 1990 2000 2010 2025 2030 


UH 


Oil 5.75 
Natural Gas 2.45 
Coal 1.15 
LWR Nuclear 0.62 
LMFBR 

UI 

Oil 5.75 
Natural Gas 2.45 
Coal 1.15 
LWR Nuclear 0.62 
LMFBR 

Cl 

Oil 5.75 
Natural Gas 2.45 
Coal 1.15 
LWR Nuclear 0.62 
LMFBR 


6.49 

6.49 

6.79 

3.11 

4.60 

5.87 

. 38 

1.38 

1.38 

0.67 

0.71 

0.72 

- 

- 

0.64 


6.49 

6.49 

6.49 

3.53 

4.60 

4.60 

1.38 

1.38 

1.38 

0.67 

0.71 

0.72 

- 

- 

0.64 


6.49 

6.49 

7.33 

3.53 

4.60 

6.59 

1.38 

1.66 

2.17 

0.76 

0.81 

0.86 

- 

- 

0.64 


7.13 

7.65 

7.82 

6.10 

6.29 

6.36 

1.55 

1.73 

1.78 

0.79 

0.89 

0.93 

0.65 

0.67 

0.68 


6.49 

7.65 

8.04 

4.60 

5.98 

6.44 

1.48 

1.66 

1.72 

0.79 

0.89 

0.93 

0.65 

0.67 

0.68 


8.21 

9.55 

10.00 

7.10 

7.87 

8.13 

2.68 

3.45 

3.71 

0.95 

1.12 

1.17 

0.65 

0.67 

0.68 


Annual revenue requirements for an investment will normally vary from 
year to year over the life of the investment, but as a mea.s of developing a 
single overall cost metric, the varying annual revenue requirements are 
converted to an equivalent stream of constant (levelized) annual revenue 
requirements. Equivalency is established by equating the present worth of the 
varying annual revenue-requirements stream with the present worth of the 
constant annual revenue-requirements stream. The revenue requirements are 
made up of the capital (i.e., return on equity, interest on debt, and depre- 
ciation) and operating costs (i.e., inc(jme and property taxes, fuel, operation 
and maintenance, and insurance). 


Capital and operating costs usually proceed over the plant life as 
described in Fig. 4.14. The levelized annual revenue requirement (LARR) 
is arrived at by the following equation: 


B 



LARR * 





1980 1985 1990 1995 2000 2005 2010 2015 2020 2025 2030 
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REVENUE REQUIREMENT (DOLLARS) 



COMMERCIAL BOOK 

OPERATION TIME LIFE 

Fig. 4.14 Typical Patterns of Costs and Revenue Requirements 


where: 


R„ » revenue requirements in year n, 

D *> discount rate (weighted average cost of capital), and 
B “ book life. 

A discount rate consistent with financial assumptions is needed for the 
present worth and levelizing calculations. Most electric utilities use their 
own weighted average cost of capital S3 the discount rate for making these 
calculations. The weighted average cost of capital is composed of the appro- 
priate fractions of preferred stock, common stock, and bonds multiplied by the 
corresponding rates of return required in the marketplace. 

In general, observed market rates of return reflect the investor's 
expectation of future general inflation plus some premium known as a "real" 
rate of return. The GNP deflator was used to estimate the historic inflation 
and to adjust the current-dollar rates of return to obtain real rates of 
return. In the comparative analyses, annual and levelized revenue require- 
ments were calculated in inflation-free or "constant" dollars. A 1978 dollar 
value was used as the constant-dollar basis. Hence, only the "real" part of 
the discount rate should be used. Future prices of goods were expressed in 
the 1978 values, and increases higher than general inflation were added to 
these prices. 

Base capital structure and economic assumptions typical of privately- 
owned utilities are used in the analysis and are summarized in Table 4.13. 
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Table 4.13 Base Capital Structure and 
Economic Assumptions 


Capital Structure 


Debt 

50% 


Interest 

2.0% 

Common Stock 

35% 


Return 

7.5% 

Preferred Stock 

15% 


Return 

2.5% 

Discount Rate 


4% 



Fed. Income Tax Rate 


46% 



State Income Tax Rate 


4% 



Ad Valorem Taxes 


2.5% 



Plant Book Life 


30 yr 




Variations in base capital structure and interest rates were examined as part 
of the analysis. Reasonable variations did not significantly affect the 
relative ranking or cost differential of technologies.* No investment tax 

credits were applied in this analysis because these politically determined 
incentives have had a history of frequent change. Current regulations are 
considered to be applicable only to the analysis of near-term projects. 

Table 4.14 reports the level ized energy cost for the two SPS reference 
designs and the six alternative central station systems. These energy costs 
were calculated by using the capital cost ranges reported in Sec. 4.2.2, the 
fuel prices generated by the alternative futures scenarios, and the cost 
characterization information reported in Sec. 3.3. Figures 4.15-4.17 display 
the cost ranges for each of the scenarios for the six technologies and two SPS 
reference designs. Some sensitivity calculations using these numbers as a 

i basis are described xn the next section. 

4.2.5 Cost Sensitivity Analysis 


Several cost assumptions were made in the comparisons presented in the 
previous section, and a few of these assumptions were tested to determine 
their effect on the cost comparisons. The first sensitivity analysis was made 
on the plant capacity factors. Baseline capacity factors for the technologies 
were: SPS, 90%; LWR, LMFBR, and coal, 70%; fusion, 70%; and TPV, 25%. The 
relationship between capacity factor and energy costs is shown in Fig. 4.18, 
in which energy costs are plotted for the constrained scenario and nominal 
erst values. Generally speaking, the more capital-intensive the technology, 
tue more sensitive it is to the capacity factor. The TPV curve is steeper 

than the others, mainly due to the fact that the scaling for this technology 
is much smaller and therefore the incremental change in capacity factor is 
much larger. 


*These variations included higher real interest and return rates of 5%, 5.5% 
and 10.2% for bonds, preferred stock and common stock, respectively Oebt co 
equity ratio variation was also examined at 70% bonds, ^0% common st.tck, and 
10% preferred stock to bracket moat utility financial conf igureti..r';« con- 
sidered reasonable. 
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Table 4.14 Levelized 2000-2030 Cost of Electricity from SPS and 
‘Iternative Technologies (1978 mills/kWh) 
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Si <U HS LWR CG/CC LMTBR FUSION TPV 
SPS COAL 

Fig. A. 15 Level ized Energy Cost Renget for Scenario UH^ 


*No upper limit of the range for fusion could be determined. 

^Unconstrained scenario, no significant restrictions on coal or nuclear po%ier. 
There are relatively low prices and high energy demand. The r>*ice elasticity 
of demand is -0.25. 



SI Ga HS LWR CG/CC LMFBR FUSION TPV 
SPS COAL 

Fig. 4.16 Level ized Energy Cost Ranges for Scenario UI^ 


^No upper limit of the range for fusion could be determined. 

^Unconstrained scenario, no significant restrictions on coal or nuclear power. 
This is consiJered the most likely unconstrained scenario, with moderate 
price elasticity of demand. Industrial fuels are -0.7, all other fuel uses 
are -0.4, and chemical feedstock elasticity is 0.0. 
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Fig. 4.17 Level iced Energy Cost Rsnges for Scenario Cl* 


*This constrained scenario represents a continuation and augswntation of 
current regulatory trends affecting enisaions, health, and safety. The 
energy price elasticities of desiand are sioderate, and this is considered the 
most likely situation if constraints are maintained. 




TPV 





85 


The eecond paraaeter waa invcatigated in the senaitivity analyaia 

waa the iapleawntat ion rate for the aatellite power ayatea. T^e reference 
deaign acenario for the iaipleaentation of the SPS ia to build 60 5,000 MW 
•atellitea over a 30-year period. Aa waa pointed out in the acenario deacrip- 
ion of thia report, thia nuabcr of aatellitea aay not be feaaible if the 
deaand for energy ia not adequate (e.g., in the unconatrained interaediate or 
the conatrained interaediate aupply/dewand acenarioa). Table 4.15 ahowa the 
change in coat with different building achedulea for both the ail icon and the 
gal Hub aluainua araenide reference ayateaa. The table ahowa the total 
capital coat per unit aa a function of three different achedulea. The firat 
achedule entaila building 60 unita over a 30-year period, and the other 
achedulea are 30 and 20 unita, reapectively, over a 30-year period, a aubatan- 
tial reduction in the coaiaitawnt to SPS. The increaae in unit coat ia leaa 
than 4Z aa the iapleaentation rate decrcaaea. However, thia aay be a reault 
of th^ accounting ayatea, rather than a real eatiavte, becauae the SPS 
baae coata %iere derived under the aaauaption of a aatur« induatry. 

The third coat paraaeter that waa exaained for aenaitivity to coapara- 
tive coata waa the aet of econoaic or financial aaauaptiona that were aade in 
order to calculate energy coata. The baaeline econoaic aaauaptiona were 
reported in Table 4.13. Figure 4.19 ahowa the relative technology coat rangea 
and percentagea for bonda, atock, and preferred atock returna on inveataent 
for the baseline aaauaptiona and two other aeta of aaauaptiona. Aa ahown in 
the figure, the coat range of each of the technologiea variea alightly with 
different aaauaptiona, but the overall coaparative coat poaition doea not 
change at all. 


Table 4.15 Effect of Reduced SPS Iapleaentation Rate on Coata: 
Noainal Average Unit Coata (10^ 1978 $) 


Unit Coat 
Component 

No. 

Silicon 

of SPS Units, 
Reference Syatea 

No. 

GaAlAs 

of SPS Units, 
Reference Syatea 

60 

30 

20 

60 

30 

20 

Direct 

11,073 

11,073 

11,073 

10,035 

10,035 

10,035 

Indirect 

464 

464 

464 

464 

464 

464 

Inveataent 

1,093 

1,324 

1,555 

1,093 

1,324 

1,555 

Subtotal 

12,630 

12,861 

13,097 

11,592 

1,823 

12,024 

Contingency 

2,020 

2,058 

2,095 

1,855 

1,892 

1,929 

Owner 'a Cost 

439 

448 

455 

404 

411 

420 

Interest During 
Construct ion 

684 

745 

758 

670 

685 

697 

Total 

15,773 

16,112 

16,400 

14,521 

14,811 

15,100 

Z Increaae 

Baae 

2.1 

3.8 

Base 

2.0 

4.0 



CASE A: (BASE ASSUMPTIONS) 
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4.2.6 Coaparative Co«t Uncertainty 

Previous sections of this report have coapared the costs of the SPS and 
alternative technologies through an analysis of possible capital and fuel cost 
ranges. These ranges of capital and fuel cost uncertainty have resulted 
in substantial overlap in total generating costs for all of the energy tech- 
nologies. The degree of over lap in these cost coaparisons is large because 
the coaparisons were made froa independent data bases and have not taken into 
account the correlation between state-of-the-world variables (e.g., the cost 
of labor) and these independent estimates. In addition, the cost estimates 
for capital and fuel cost were developed detensinist ical ly , by including upper 
and lower bounds as e means of dealing with uncertainty. 

In this section of the report, the question of uncertainty in technolo- 
gy cost comparisons is discussed in a probabilistic framework. This approach 
to cost comparison is primarily a method using historical data, and informa- 
tion used in other sections of the report was prepared to indicate the results 
of such an approach to uncertainty. The methodology was applied to a com- 
parison between coal and the SPS but is equally relevant to comparisons 
between any technologies. 

To illustrate the focus of the probabilistic cost comparison between 
coal and nuclear, consider the relationship between the cost of energy from 
coal technology vs. that of the SPS. Figure 4.20 illustrates the relation- 
ships for a fixed set of cost parameters and input assumptions. The typical 
levelized cost of electricity from coal is generally shown to increase in 
real terms because of increased coal costs. On the other hand, the cost of 
electricity from the SPS would not be expected to increase so rapidly, because 
it does not stem from a depleting resource base. Conceptually, the levelized 
cost of these two technologies should intersect somewhere in the future. 
There is no way of telling in what year the intersection will occur. Much 



Fig. 4.20 Comparison of Coal and SPS Energy Costs 
with Fixed Parameters and Inputs 
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depends on the supply and use of coal. Figure 4.20 is only a hypothetical 
and simplistic illustration of a complex relationship, and it is not expected 
that the level ized cost of energy from these technologies would follow such 
straight line projections . 

The uncertainties in the cost of energy from coal are dominated by 
uncertain fuel costs, whereas the uncertainties in the cost of energy from the 
SPS are dominated by technologically uncertain fixed costs. The approach in 
this probabilistic analysis was to focus only on those two dominant variables 
(other uncertainties were ignored in this analysis) and to treat the costs as 
random variables; to determine a cost probability distribution for each of 
the technologies for any particular year; and to combine them to develop a 
probability distribution for the differences in energy cost between the 
technologies. First, the coal probability function will be described, along 
with its ties to historical data, and then the foundation for SPS cost 
uncertainty will be discussed. The resultant combined probability function 
will then be shown for a few parameters. 


Coal Price Relationships . Figure 4.21 shows a plot of constant-dollar 
coal prices from 1950 through 1977. From 1950 to 1968, the real cost of coal 
declined by 1 . 2 % per year, mainly due to decreased use because of substitution 
by oil and gas. After 1968, the real cost of coal rose sharply (IIX per 
year), and this could be attributed to the passage of mine safety regulations 


Index 

numbars 



Fig. 4.21 Coal Prices (Constant Dollars) 
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in 1969 and the increased use of coal. Coal prices fluctuated around these 
mean increases and decreases, with the average fluctuation between 1950 and 
1968 being 3.5Z and that between 1968 and 197? being 14Z. The trend and 
fluctuation in coal prices in the future is uncertain. However, it is 
unlikely that the trend will be similar to either of the two shown in Fig. 
4.21. More probable are some moderate real increases in coal prices (less 
than in the volatile period from 1968-1977) with fluctuation similar to that 
in the period from 1950 to 1968 (i.e., 3.5Z). The range of average price 
increases for coal, as described in the supply/demand futures analysis, is 
shown in Fig. 4.22. The figure shows that the average real increases in coal 
price ranged from 2.4Z/yr to 0.87Z/)rr for the constrained intermediate case 
and unconstrained high case, respectively. In approximately the same period 
of time (i.e., 1964-1977), electrical equipment prices declined 1.5Z/yr, with 
a 1.7Z fluctuation. Similarly, construction costs increased 1.9Z/yr with 2.6Z 
fluctuation, and transportation and utility labor rose 1.6Z/yr with a 3.0Z 
fluctuation. 

The price of coal in any particular year (Y^) can be related to that 
of another year (Yg) through a series of factors. 

Let : 


Y[ * Yg ( 1 + y + nj ) (l + p + ^2^ ••• (1 y + 

where: 

Yg = constant dollar amount, year 0, 

Yf = constant dollar amount, year t, 
y = mean rate of increase, 

n = independent random variable with mean 0 and 
standard deviation a. 


Examples of y and a 



y(Z) 

o(Z) 

Coal prices, 1950-1958 

-1.2 

3.5 

Coal prices, 1968-1977 

11 

14 

Electrical equip, prices 1964-1977 

-1.5 

1.7 

Construction cost 1964-1977 

1.9 

2.6 

Transportation and utility labor 1964-1977 

1.6 

3.0 


This expression gives the price of coal in, say, the year 2000, but in 
reality, that figure is the levelized cost of coal. Thus the cost of coal 
for every year over the whole period of operation of the coal plant must be 
weighted by a discount factor so that the random variable is not just the 
price of coal in the year 2000 but the levelized cost of coal for the whole 
period. The equation for the levelized cost of coal, regarded as a random 
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Fig. 4,22 Real Coal Price Increases 


variable, for a plant that operates between the year t' and the year t, is as 
follows : 

t k / t 

Yft' “ ^o X ~ ^ (1 + y + It) / (1 - “)*' 

k*t'+l i*l /k*t' + l 

where: 

Y • the levelized cost of coal over the period t - t', 
k • no. of years in the period, and 
1 - a * discount factor. 

Figure 4.?.3 shows the distribution for levelized fuel cost and level- 
ized capital charge for a 2Z average growth with AX fluctuation per year and a 
real discount rate of 4Z. A normal distribution is plotted in dotted lines to 
show the slight skew of this distribution, The skewed distribution has a long 
tail on the high side, which is important because the high side of the coal 
distribution will be important in the comparison to SPS. 

\ 

SPS Price Relationships . In the case of the SPS, the dominant uncer- 
tainty factor is technical uncertainty, since there is no economic experience. 
The SPS is made up of a number of subsystems that were broken up into six 
categories: energy conversion, space construction and support, power trans- 

mission, transportation, rectenna, and other. A typical probability distribu- 
tion for the cost that one might expect for each of these subsystems is shown 
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by the triangular distribution in 
Fig. 4.24. A skewed distribution was 
considered representative, because 
more factors seem to be left out than 
extra ones included at the early 
developmental stages of an advanced 
technology, since a design can never 
be complete 20 years in advance or 
before the technical problems have 
been solved. 

What is needed, in realicy, is 
a cost distribution for the SPS. How- 
ever, to assemble a subsystem cost 
distribution like that illustrated 
in Fig. 4.24 requires the considera- 
tion of correlation* in the cost 
components, which means that several 
subsystems would fall into the high 
cost range because of the same 
factors. SPS subsystems are probably 
highly correlated in some areas and 
highly uncorrelated in others. For 
example, energy conversion is heavily 
dependent on the manufacturing cost 
for solar cells, which is very 
dependent on fuel cost. That would 



L0v«llitd FutI Cott 



Lev«liz«d Capital Charga, Coal Plant 

Fig. 4.23 Distributions of Levelized 
Fuel Cost and Levelized 
Capital Charge of a Coal 
Plant 


Probability 

density 



Cost — ► 

Fig. 4.24 Typical Cost Distribution for Advanced Technologies 


*A more detailed discussion of the correlation effects can be found in Ref. 2, 
pp. 70-72. 
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correlate with transportation. On the other hand, solar cell production 
depends on the manufacturing sector (not strongly fuel dependent), and thia 
would be uncorrelatad with transportation. If the subsystem cost components 
were completely correlated, the resulting distribution would look like the 
triangular figure in Fig. 4.25. If the components were completely uncor- 
related the resulting distribution would look like the normal distribution in 
that figure. Since the SPS components are partially correlated, the distribu- 
tion for the entire system starts out as a triangle and probably ends up 
something like the smooth distribution shown in Fig. 4.24 (dotted line). A 
distribution like this was obtained for the SPS, with 20Z of the area to the 
left of the modal value and 80Z to the right. This assumption was based on 
the earlier discussion that component projections for advanced technologies 
err more on the high side than on the low side. The resulting analysis could 
be performed using other distributions. This assumption is consistent with 
the capital cost range developed in Sec. 4.2.2. 


Probabilistic Cost Comparisons Between Coal and the SPS . The main 
problem in comparing the coal and SPS cost distributions is to establish the 
siae of the overlap between the two technologies. Again, developing a cost 
distribution for the difference between these technologies is dependent on the 
degree of correlation of cost elements between coal and the SPS. The correla- 
tion was tested and found to be unimportant, because the two technologies stem 
from such radically different bases. 

The goal of this probabilistic analysis is to determine the probability 
that the cost of electricity from the SPS will equal that from coal, and the 
time at which this might occur. Figure 4.26 shows IZ, lOZ, and 20Z probabil- 
ity curves for the difference in generating cost between coal and the SPS. 
For example, the slope of the 20Z curve indicates that there is a 20Z prob- 
ability that the SPS will cost the same as coal in the year 2018. Similarly, 


PrubabMity 

density 



mills/kwhr 


Fig. 4.25 Distributions of the Sum of Cost Elements 


93 


there is a 20Z probability that the cost differential will be around 16 
mills/kWh in the year 1990. This curve was plotted for the constrained 
intermediate coal price increases (2.4Z real per year) and a 3Z fluctuation. 
A real 4Z discount rate was used. Curves similar to those in Fig. 4.26 were 
calculated for other coal price increases and fluctuations, but the results 
are no sK>re representative than those shown in the figure. It should be 
pointed out that the probabilistic results f#ere obtained using nominal values 
for coal and the SPS and only show the conceptual probabilistic differences. 
The exact numbers plotted in Fig. 4.26 are illustrative and should not be used 
as hard conclusions, because changing some of the assumptions (e.g., SPS cost 
distribution, coal price rise and fluctuations) could change the results 
substantially. 



1890 2000 2010 2020 

Y«ar of Tachnology Impltmantation 


P(A) value of 20Z is the highest curve that can be calculated 
from the SPS cost-uncertainty curve assumed in this study, i.e., 
with 20Z of the probability distribution to the left of the 
modal cost. 


Fig. 4.26 Probability Curves of SPS Costs Equalling Coal Costs 
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4.3 HEALTH AND SAFETY* 
4.3.1 Introduction 


The evaluation of health and safety risks is of high priority in the 
assessment of alternative energy systems because of the increasing U.S. demand 
for energy as well as societal concern regarding the risks associated with 
energy technologies. Ideally, health and safety evaluations sum all risks 
associated with each system under comparison. However, this sort of evalua- 
tion is not currently feasible because of uncertainties surrounding system 
designs and risk estimates. In addition, an evaluation based solely on a 
summing of impacts would obscure the differences between energy systems that 
result from different societal perceptions of "acceptable" risks, which are 
important considerations for the policymaker. 

This section describes an assessment taxonomy and results of the 
comparison of health and safety impacts from six energy systems: the SPS; a 
light water fission reactor system without fuel reprocessing (LWR); a low-Btu 
coal gasification system with an open-cycle gas turbine combined with a steam 
topping cycle (CG/CC); a liquid-metal, fast breeder fission reactor system 
(LMFBR); a central-station, terrestrial photovoltaic system (TPV); and a 
first generation fusion system with magnetic confinement. 

Two levels of analysis are included in this assessment: the unit 

health and safety risks associated with 1000-MW average electrical generation 
for each technology and the cumulative risks of alternative scenarios with 
different electrical generation technology mixes for the period 2000 to 
2030. It must be stressed that the results described in this section are 
based on highly uncertain factors, and therefore the numbers are subjective; 
they should not be taken as strictly quantitative, but can provide only a 
qualitative view of the future. 


4.3.2 Methodology 

Assersing the health and safety risks of each technology required 
three major tasks: detailed characterization of each phase of the system 

as a basis for identifying the major health and safety issues associated 
with each of those phases; analysis of the magnitude of risk associated 
with each identified issue; and accumulation of risks by technology, by 
category of risk, and by generation scenario. Figure 4.27 illustrates this 
process and identifies the technology system activities and major sources of 
risk considered. 

Detailed descript ions^* 52 qj alternative, year-2000 baseload generation 
systems were compiled on a consistent basis for comparison as part of the 
larger SPS Concept Development and Evaluation Program. The design for the 
coal system with low-Btu gasification was based on an SO2 emission factor of 
0.2 lb S02/10^ Btu of gas, or 0.326 lb S02/10^ Btu of coal. Load factors of 


*The contents of this section are primarily a summary of results in R’f. 51, 
which includes a more comprehensive list of basic referencec. 
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SYSTEM 

ACTIVITY DESCRIPTIONS 


ACTIVITY RELATED 
Has RISKS 


CUMULATIVE HAS 
RISK ANALYSIS 




ON-SITE 

CONSTRUCTION 


DIRECT 

MANUFACTURE 


OCCUPATIONAL 



RANGE OF UNCERTAINTY 

Fig. 4.27 Components of Comprehensive Health 
and Safety Impact Analysis 


70Z were assumed for the coal, fission, and fusion systems, 90Z for the SPS 
systems, and 26 % for the centralized terrestrial photovoltaic systems. 
Silicon photovoltaic cells at an array cost of $33/m^ were assigned to the 
solar energy systems. 

From the technology characterizations and other related information, we 
identified all t.nown, potentially major health and safety issues that could 
be unambiguously defined and discussed. Each segment of the energy cycle was 
considered, including component fabrication, plant construction, fuel extrac- 
tion and processing, operation and maintenance, and waste disposal. The 
health and safety risks of system storage or utility system back-up were not 
included for any of the systems. 

Compared to the more conventional coal and fission technologies, 
the advanced solar and fusion technologies present a tradeoff of reduced 
fuel requirements but higher initial capital and construction requirements. 
Furthermore, the industries producing the energy system components in turn 
require certain commodity inputs (e.g., cupper mining to produce electrical 
equipment), and the risks associated with the production of these indirect 
requirements must be considered in the overall risk analysis, as shown in 
Fig. 4.28. Input-output tables based on the 1972 U.S. economic structure^^ 
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Fig. 4.28 Procedure for Computation of Occupational Impacts of Direct 
and Indirect Construction and Component Production 


were used to obtain these indirect output requirements for the various 
categories of industries. The associated occupational fatalities and person- 
days lost from non-fatal accidents and diseases %rere then determined from 

historical data^^ for each of the categories of direct and indirect energy 

producers . 

The analysis of health and safety risks of the remaining phases of the 

energy cycle was based primarily on adaptation of available literature. (See 

Ref. 51 for full literature citation.) Whenever possible, a quantitative 
estimate of fatalities and person days lost was made. Although these measures 
do not define the total adverse impact of a health and safety issue, they do 
provide a means for comparison between technologies and categories of energy 
cycle activities. 

A range of impact estimates is included in each quantification, re- 
flecting the uncertainty associated with the magnitude of impact. In addition 
to the quantitative measure of uncertainty, issues identified for each system 
were classified according to qualitative uncertainty categories, as indicated 
in Table 4.16. Included is a category for those identified potential health 
and safety issues for which it was not possible to provide any meaningful 
quantification. Lack of infoim^.cion, such as dose-response relationships at 
low-dose levels, siting patterns, populations exposed, and uncertainties 
regarding the probability of event occurrence and the characterizations of 
advanced technologies limited the estimation of risk magnitudes for these 
issues to qualitative discussion of potential severity or possible mechanisms 
for occurrence of the event. 

For the unquantified or high-uncertainty category 3, the risks were 
further evaluated as being of potential significance (risk category A, poten- 
tially more than 0.01 fatalities/1000 MW-yr) or of low significance (risk 
categv^ry P, potentially fewer than 0.01 fatalities/1000 MW-yr). 
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Table 4.16 Uncertainty Index for Health 
and Safety laauea 


De script ion 

Uncertainty 

Index 

Risk 

Evaluation 

Causal relationship and 
impact levels relatively 
well established (e.g., 
coal mining accidents) 

1 

(Quantified 

Range 

Established but poorly 
quantified causal rela- 
tionship (e.g., ionizing 
rad i at ion) 

2 

(Quantified 

Range 

Cause-effect association 
established but extremely 
variable impact level esti- 
mates (e.g., ground water 
pollution, catastrophic 
events) 

3 

(Qualitative 

Range 


The risks resulting from electricity generation differ among the 
technologies not only in the magnitude but also in the manner in which impacts 
occur. These distinctions affect societal perceptions of the acceptability of 
each risk and need to be preserved in the analysis. Catastrophic events 
constitute a prime example of the need for categorization. Because of the 
engineered low risk of occurrence for these events, the number of expected 
deaths per year, averaged over the lifetime of the plant, may be lower than 
th«t from more probable low-impact events, but the public perception of the 
significance of these potential events may critically affect the viability of 
a technology. The various impact categories utilized in the analysis are 
listed in Table 4.17. 


4.3.3 Discucsion of Results 


The results of the quantitative risk analysis are summarized in 
Table 4.18 and Figs. 4.29-4.31. A detailed analysis of each issue considered 
is provided in Tables 4.19-4.23. The major unquantified issues are listed in 
Table 4.24., The following is a discussion of major features from those 
results . 


Occupational Risks of the Construction Phase. For each unit value of 
direct industrial output required to supply components for each of the energy 
systems, an additional indirect in the range of 0. 5-0.9 units from ether 
industries is required. This significant requirement for indirect industrial 
output results in a significant addition to the average number of occupational 
fatalities per unit of component production, as illustrated in Fig. 4.29. The 
combined direct and indirect fatalities per unit of component requirement is 
within the same ran-e for all the technologies, and, as a result, the total 
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ible 4.17 Categoricat ion of Health 
and Safety Isauea 



Issue 

Category 

Affected Population 

Public 

Occupat ional 

Impac t 

Period 

Intermediate Term (Component 
Production, Plant Construction) 
Long Term (Plant O&M, Waste 
Management) 

Short Term (Catastrophic Events) 

Impac t 

Cause 

Acc idents 

Chemical Pollutants (Toxic, 

Care inogenic ) 

Radiation (Ionizing, Nonionizing) 

Impact 

Severity 

Fatalities 

Person Days Lost (Nonfatal it ies) 


component requirement per 1000 MW of generation is the overriding factor in 
determining risk of component production. The total component production 
risks, combined with on-site construction risks, are shown in Fig. 4.30 and 
illustrate the higher construction-phase risk of the terrestrial solar and the 
fusion technologies, which is due to the more capital-intensive nature of 
these technologies. The terrestrial photovoltaic system requires nearly 
20 units of component production at 200-HW peak capacity and 26Z load factor, 
and the SPS requires extensive ground and space facilities to construct and 
maintain the orbiting satellites. 

Although not shown, similar results are obtained for the number of 
work days lost. For this parameter, more disaggregated data on risk levels 
are available for individual industrial categories. 


Occupational Risks of the Operation and Maintenance Phase. The total 
quantified risk of fatality, averaged over an assumed 30-year lifetime, is 
shown for each technology in Fig. 4.31. Quantified risks of operation and 
maintenance (O&M) are largest for the coal technology, primarily due to the 
risks of accidents and illness during coal mining. A major uncertainty in 
estimates of mining risk derives from uncertainty in the long-term effect of 
recent regulations for reducing the levels of dust in coal mines. Additional 
O&M occupational risks of energy production from coal . related to rail 
transport of the coal, accidents in the coal processing and electrical genera- 
tion plants, and exposure to potential carcinogenic emissions from the coal 
gasification process. The estimate for the risk from potential in-plant 
gasification emissions (0.0-0. 2 fatalities/1000 MW-yr) is based on the 
estimated number of txirkers in the plant and on historical data from pilot 
plants with limited control measures. Approximately 70-80Z of the O&M 
risks of the fission systems are related to conventional occupational hazards, 
and the remaining 20-30Z are due to low-level radiation exposure, the impacts 








Fig. 


4.30 Total Occupational Fatalities in Construction Phase 
of System with 1000 MW Average Generation 
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(79) 



LWR CG/CC LIIFBR TPV SPS FUSION 


Fig. 4.31 Totxl Quantified Construction and 
OiM Fatalities per 1000 MW-yr 


of which are uncertain. The 07M occupational risks of the advanced fusion, 
SPS, and centralized terrestrial photovoltaic systens have no histoiical basis 
and are projected from conventional risk levels for exist iM sioilar occupa- 
tions and estimates of the number of O&M employees required . -2 


Public Risks of the Operation and Maintenance Phase . The largest 
O&M-phase public risks quantified for this study are those related to the coal 
technologies, and these are almost entirely due to coal transport accidents 
(0.8-1 .9 fatslities/lOOO M»-yr) and ai.' pollutants (4.6-75 fatalities/1000 
MW-yr). The estimates for air pollutant impacts include long-range transport, 
and the uncertainty range is based on a 60Z confidence level for incidence 
rates of health effects (adapted from Ref. 56). It should be noted that a 
similar procedure using 90Z confidence levels for air pollutant dose-response 
gives a range including zero impact. Low levels of public impact (less than 
0.1 fatality/1000 MW-yr) can be attributed to normal O&M of the fission and 
fusion systems, and these impacts are primarily due to lov-level radiation, 
whic.h has a high uncertainty level. The quantified public impacts from O&M 
for the SPS and the TPV system are negligible. 


Unquantified Health and Safety Tesues . In contrast to the apparent 
willingness of the public to accept known limiti^d risks of energy systems, 
recent experience with light water fission systems indicate? that perceivea 
major risks that are less quantifiable or predictable may restrict or com- 
pletely halt energy system deployment if adequate assurances of very low 


Table 4.19 Summary of Health ?nd Safety Issues for Nuclear Fission Reactors (LWR, LMFBR) 
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Table 4.20 Summary of Health and Safety Issues for Combined -Cycle Coal System 
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Table 4.21 Summary of Health and Safety Issues for Central-Station 
Terrestrial Photovoltaic Power System 
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of incidence rates in conventional occupationa, aaaiaing 640 peraona in orbit 0.5 yr to construct S-GW satellite, 
of incidence rates in conventional occupations, asauaing 1400-person aiaintenance crew in nrbit for 300-CW systaa. 
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Table 4.24 Summary of Potentially Major but Unquantified Issues 


Solar Technologies (TPV, SPS) 

Exposure to Cell Production 
Emissions 

Hazardous Waste From Disposal or 
Recycling of Cell Materials 

Chronic Exposure of Large 
Populations to Low-Level 
Microwaves (SPS only) 

Space Vehicle Crash into Urban 
Area (SPS only) 

Exposure to Rocket Exhaust 
Emissions from HLLV (SPS only) 

Coal Technologies 
(None Identified) 


Nuclear Technologies (LWR, LMFBR, Fusion) 

System Failure with Major Public 
Exposure to Radiation 

Occupational Exposure to Chemically 
Toxic Materials during Fuel Cycle 

Diversion of Fuel or By-product for 
Military or Subversive Uses (LWR, 

LMFBR only) 

’ iquid Metal Fire (LMFBR, Fusion only) 


impact probability cannot be given. For this reason potentially major, but 
unquantified, risks should be given prominence comparable to the quantified 
risks discussed above. Table 4.2''- is a listing of potentially major (Category 
A) but unquantified issues identified for the six technologies considered. 

Estimates of expected health and safety impact levels have been 
developed for certain catastrophic events (i.e., events with low probability 
of occurrence but high impact per event), in particular, for fission reactor 
systems. However, these impacts were not included as quantified issues 
in this study because of inherently high uncertainties associated with pre- 
dicting occurrence rate and impact per occurrence. Furthermoie , averaging 
expected catastrophic impacts over plant lifetime does not indicate the full 
significance of these potential events. The issues of potential diversion of 
fission fuel for weapons use and the potential for a crash of a SPS space- 
transport vehicle into an urban area are also included in the potential 
catastrophic event category. Through engineered safeguards, the probability 
of occurrence of these events can be reduced to very low levels, but essen- 
tially zero probability is very difficult if not impossible to achieve at 
reasonable cost. 

A further important distinction concerning unquantified issues is 
whether the potentially affected persons are part of the general public 
or are workers producing or operating the system. Issues in the latter 
category (e.g., emissions from solar cell production, emissions of toxic 
materials from the fission system fuel cycle, liquid-metal fire hazards in the 
LMFER and fusion systems) affect a well-defined group, i.e., occupational 
workers, and those impacts can be more easily monitored and mitigating actions 
implemented. In contrast, impacts from lo«r-level microwave radiation, if they 
exist, may be difficult to identify because of their potentially small and 
subtle effects on a large exposed group. 
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In general, the better-defined technologiea (e.g., CG/CC, LWR) have a 
greater number of quantifiable risks and fewer unquant ifiable risks. The 
opposite is true for the less-defined technologies (e.g., fusion, SPS). Table 
4.24 does not attempt to rank the unquantified issues, although, for example, 
potential radiation release from fission is expected to be greater than that 
from fusion.^®® 


Cumulative Risks Fro m National Energy Scenarios. A further perspective 
on the significance of relative technology risks is provided by Fig. 4.32, 
which indicates the range of annual occupational risks for scenarios of energy 
production in 2000-2020 with and without the SPS system. A nearly constant 
total electrical energy generation is assumed in this period for the scenarios 
(Table 4. 2 5). The SPS units were assumed to operate at the design load factor 
of 90Z . However, because of the large SPS unit size (5000 MW) , it is assumed 
that because of reliability requirements, the overall capacity, including 
conventional technologies, is the same for the SPS scenario as for the non-SPS 
scenario in which the overall load factor was assumed to be 70Z. In the SPS 
scenario, the non-SPS technologies serve in part as back-up for the SPS and 
operate at less than 70Z load factor. 

Because of high construction and manufacturing impacts, the SPS 
scenario has a higher initial value for the mean occupational health and 
safety risks. By 2020, in this scenario, these occupational risks have 
dropped to nearly the same values as those for the non-SPS scenario. 
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Fig. 4.32 Annual Occupational Fatalities from Construction and 
O&M in Baseload Scenarios with and without SPS 
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Table 4.25 

Scenario 

Baseload 

Capacities 

and Electrical 

Generation 

Year 



Capacity (GW) 



Total 

Generat ion 
(GW-yr) 

LWR 

CG/CC 

LMFBR 

SPS 

TPV 

Fusion 

Total 

2000 

263 

238 

34 

0 

0 

0 

535 

3/-. 

2020 (SPS) 

199 

145 

96 

100 

29 

19 

578 

405 

2020 









(No SPS) 

213 

159 

140 

0 

29 

37 

578 

405 


The addition of quantified public risks to the occupational risks in 
Fig. 4.32, in particular those frost coal, would favor the SPS scenario with 
reduced conventional generation. However, the unquantified risks to the 
public in Table 4.24 restrict the delineation of definitive conclusions 
related to total scenario risks. 


Cone lus ions . Under the assessaent taxonomy and the assuaptions 
described in this report, the coal technology appears to have the largest 
overall quantified risk of the various systems considered, primarily due co 
coal extraction, processing and transport, and air pollution, although large 
uncertainties remain in the actual effect of the air pollution. On the other 
hand, no additional issues were identified for the coal system that are 
potentially major but remain largely unquant if iable . Quantified risks from 
the remaining technologies (fission, fusion, SPS, and centralized TPV) are 
comparable within the range of quantified uncertainty. The occupational 
risks for component production, both direct and indirect, are a substantial 
fraction of the total risk, in particular for the advanced, capital-inten;. ive 
solar and fusion technologies. 

Of potential major significance for public acceptance of new energy 
systems, but not included in the quantification,, is the possibility of 
catastrophic incidents that exist for the fission and fusion systems. Unique, 
unquantified possibilities of catastrophic incidents also exist for the SPS, 
in relation to the use of microwave transmission of energy and extensive space 
travel . 


4.4 ENVIRONMENTAL WELFARE EFFECTS 


4.4.1 Introduction 


Several types of effects from environmental degradation that are not 
directly related to public or occupational health and safety will be referred 
to as environmental welfare effects, since they concern the well-being of 
individuals. For example, deterioration of building materials from SO 2 
emissions, reduced crop productivity due to water pollution, and aesthetic 
impacts such as plumes from stacks and cooling towers are considered. This 
evaluation of coal (conventional coal and CG/CC), nuclear (LWR, LNFBR, and 
fusion), and solar (TPV and the GaAlAs version of SPS) systems identifies the 
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txtent an< leverity of these welfare effects and develops a set of priority 
effects tliat require more in-depth analysis. Specifically excluded from this 
category are effects on health and safety, natural biological systema, 
resource depletion (including direct land and water use), and social and 
economic dislocations. Conditions following accidents were also not included 
in this study. 

The sequencei^^ for determining the environmental welfare effects of 
each energy technology begins with an examination of the various activities 
involved in each fuel cycle, starting with the extraction of the resource and 
extending to the delivery of electricity to a utility grid. These activities 
result in environmental impacts such as noise and air and water pollution. In 
turn, the environmental impacts could result in welfare effects such as 
property damage, climatic change, interference with other activities, and 
aesthetic disturbances. This activity-impact-effect chain is illustrated in 
Fig. 4.33. The structure is used for categorizing the impacts and effects 
of the various activities in the fuel cycle. 

The irfiysical environmental inpacts and their effects caused by the 
various activities associated with selected coal, nuclear, and solar tech- 
nologies are listed in Tables 4.26-4.32. 


4.4.2 Comparative Impacts 

The «yelfare effect of ench energy-related activity is examined in the 
context of the additional burden imposed on a cosmunity by that activity. 
Typical facility sizes — for a mine, processing plant, or povrer plant — 
are used '.whenever possible na a basis for determining local welfare effects 
(the assijmed facility sizes represent current opinion regarding the most 
likely unit sizes to be constructed in the near future). The welfare effects 
are not scaled to a common laetric, such as cost or impact per 1,000 MW of 
electri'cal capacity. Use of a coomon metric tends to obscure information 
because of the need to introduce various assumptions in converting impacts Lo 
a single unit of measure. The approach used in this assessment takes into 
account the fact that small, dispersed power plants often have smaller local 
welfare effects than %rould a large centralized facility, even though the 
quantity of emissions per megawatt of electricity generated may be smaller for 
the larger facility and the larger facility could more easily be sited in an 
isol^ated area. At the same time, it is recognized that many minor impacts may 
have a cuanilative impact that could equal or exceed a major impact from a 
single, large facility. Other assumptions that underlie this analysis 
are that all activities use advanced pollution control technology representa- 
tive of newer facilities and that facilities operate routinely (that is, 
'without accidents). 

The environmental welfare impact of each activity was quantified by 
the magnitude of some physical effect (e.g., noise level), and its capacity 
to be mitigated was evaluated. It is thought that this approach provides a 
qualitative judgment that reflects the more recent trends in emissions and 
anticipated effects. Direct comparison between technologies tends to obscure 
the welfare issues associated with each energy technology and was therefore 
avoided . 
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Table 4.26 Welfare Effacta of a Conventional Coal Fuel Cycle* 


KnviroM*ntat lapacc 
Air Pollution 


Ataoapharic Chantaa 
Tharaal Diachargaa 
Water Pollution 

Water Uae 
Solid Waite 

Land Die Diiturbance 


Electroaagnet ic 
Diiturbancea 

Ionizing Radiation 

No iie 

Aeathet ic 
Diiturbancea 

*Na in lourcci include 


Activitiaa Involved 

Mining 
''rocaaaini 
Traniportat ion 
Ponar generation 


Power generation 


.'over generation 


Mining 
Proceiiing 
Power generation 


Mining 
Proceiiing 
Power generation 

Mining 
Proceiiing 
Power generation 


Mining 
Proceuing 
Traniportat ion 
Power generation 
Tranaaiia ion 


Tranaaiii ion 


Potrer generation 


Mining 

Traniportat ion 
Pover generation 
Tranaaiia ion 

Mining 
Proceiiing 
Traniportat ion 
Power generation 
Tranaaiiaion 

Rsfi. 116-12A. 


Welfare Effect! 

taiaaiona of SOj and NO, froa power generation can 
lead to acid rainfall, which can reduce crop yield and 
yield and raaove lakea or rivara froa coaaeicial or 
recreational uae. Eaiiaiona of SO 2 and part iciilatea 
can cauae or augaent aaterial daaaga and reduce crop 
yialda. Secondary particulatea can iapair viaibility. 
bility. 

Injection of large aaounta of CO 2 and other green- 
houae gaaea into the ataoaphare aay proaote global 
waraing, with effacta on precipitation, agriculture, 

4e!>1 ocean levela. Particulate eaiaaiona aay alao play 
a ainor role in cliaatic change. 

Cooling tower operation can increaae local fogging 
and i. 'tg, with effect! on viiibility, traffic, and 
convenience for nearby reaidenta. Cloud and precipi- 
tation augaentation ia poaaible but ahould be ainor, 
with little eifect on crop productivity. 

Diachargea of acida, diaaolved aolida, auipended 
aolida, and other chcaicala can degrade drinking water 
auppliea, containatc waterway! , lower crop productiv- 
ity becauae of r-idified irrigation or ground water, 
and reduce coaaerc ial and recreational uae of itreaaa 
and lakea. 

Mining can diarupt water flow patterni. Cooling needi 
during power production require ezteniiv< taaounti of 
water if evaporative ayateaa are uied . Both iwpacti 
can conflict with downatrean and cowpeting uaei. 

Deaand for diapoaal litea can be increaaed. Land 
uae, value, and productivity can be reduced by over- 
burden and refuae froa wining and proceaaing, aah and 
acrubber waatea, and by hazardoua trace ■etali froa 
coal . 

Surface wining and power generet ion (wiate diapoaal) 
rewove land froa alternate uaea; reclaiwed land way 
be leaa productive agriculturally than before wining. 
Subaidence of land over underground ainei can reduce 
land valuei; daaage cropi, buildinga, and livritock; 
rupture pipea; and diarupt drainage. Coal proceiiing 
can contawinate and lower value of aurrounding land. 
Tranaportat ion and tranvwiiaion land requirewenti are 
aignificant and liwit other uaea of the land. 

High intenaity wagnet ic fielda around tranawiiaion 
line! can cauae radio and TV interference in fringe 
reception areaa. 

Swell quantitiea of radioactive wateriala are ewitted 
during coa* cowbuation. Welfare effecti of theie 
ewiaaiona, which are unce rain, include effect! of 
long-terw eapoaure of crop! and liveatock to radiation. 

Welfare iwpacti of noiae generation frow noit coal- 
releted activitiei are relatively wrnor due to the 
rewote location! of the operation!. Audible huw frow 
high-voltage tranaaiaaion linea way occur. 

Viaual iwpacti will occur froa winea, tailing pilei, 
power plant!, atack pluwea, and tranaaiiaion co.ridora. 
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Table 4.27 Welfarti Effects of a Light Water Reactor Fuel Cycle® 


Environmental Impact 

Activities Involved 

Welfare Effect 

Air Pollution 

Mining 

UFg production 
Enrichment 
Fuel fabrication 
Trans portat ion 
Power generation 
Reprocessing 

Fluorine and sulfuric acid emissions could damage live- 
stock. grazing land, and crops. Other air pollutants 
are emitted from coal plants, which may be used to 
supply process power. 

Thermal Discharges 

Enrichment 
Power generation 

Cooling tower operation can increase local fogging and 
icing with effects on visibility, traffic, and conven- 
ience for nearby residents. Cloud and precipitation 
augmentation is possible, but should be minor, with 
little effect on crop productivity. The same effects 
would be possible from power generation for uranium 
enrichment fecit it ies. Nuclear power parks would re- 
lease much more heat than single power plants, with 
increase'i welfare effects. 

Water Pollution 

Mining 

Milling 

UFg production 
Enrichment 
Fuel fabrication 
Power generation 
Reprocess ing 

Process effluents can on occasion degrade drinking 
water supplies; degrade irrigation water, impairing 
cr'-; growth; and reduce ccdiinercial and recreational 
use . 

Water Use Changes 

Mining 

Power generation 
Enrichment 

Mining operations can disrupt water flow. Cooling needs 
during power production require extensive amounts of 
water if evaporative systems are used; uranium enrich- 
ment also has significant water requirements. All three 
impacts can conflict with downstream uses. 

Solid Waste 

Mining 

Milling 

UF5 production 
Fuel fabrication 

Release of trace elements into terrestrial ecosystems 
may locally reduce crop productivity. Lateral and up- 
ward movement of leachates may contaminate rooting 
zones of otherwife prodc'tive cropland. 

Land Use Disturbance 

Mining 

Enrichment 

Reprocessing 

Oecomiss.oning 

Agricultural use of reclain.e.1 min.;s may be less pro- 
ductive. Exclusion zones aro. r.d enrichment and re- 
processing plants remove loud ^rom other uses, %<hereas 
burial of nuclear wastes aay remove all further use of 
land involved. 

Electromagnet ic 
Disturbances 

Transmission 

High intensity magnetic fields around transmission lines 
can cause radio anr. TV interfere ice in fringe-reception 
areas . 

Ionizing Radiation 

Mining 
Mill ing 
Ccnvers ion 
Enrichment; 

Fuel fabrication 
Power generation 
Reprocessing 

Low-level radiation omissions could act as an extremely 
low-level mutating agent tor crops and livestock. Know- 
ledge of a threshold level for adverse effects from 
ionizing radiation is uncertain. 

Noise 

Mining 

Power generation 
Transsiissinn 

No major effects. High-voltage transmission lines 
create a barely audible hum. 

Aesthet ic 
Disturbances 

Mining 

Power generation 
Transmission 

Aesthetic degradation due to mines, cooling tower 
plumes, transmission corridors. 

*N.tin .;ourcea include 

Refs. 20, 116, 117, 120, 

1. 1 5- 129. 
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Table 4.28 Welfare Effects of a Coal-Gasification/ 
Combined-Cycle Fuel Cycle* 


Em'ironaental lapact 

Activities Involved 

Welfare Effects 

Air Pollution 

Mining 
Processing 
Transportat ion 
Power generat ion 

Emissions of SO2 and NO^ greatly reduced by CG/CC 
compared to the conventional coal-fuel cycle. These 
emissions do contribute to acid rainfall, which can 
reduce crop yield and remove lakes or rivers from 
coauaercial or recreational use. Emissions of SO2 and 
particulates can cause or augment material damage and 
reduce crop yields. Secondary particulates can 
impair visibility. 

Atnospheric Changes 

Power generation 

Injection of large amounts of CO2 and other green- 
house gases into the atmosphere may promote global 
wanning, with effects on precipitation, agriculture, 
and ocean levels. Particulate emissions may also 
play a minor role in climatic change. 

Thenaal Discharges 

Power generation 

Cooling toiver operation can increase local fogging 
and icing, with effects on visibility, traffic, and 
convenience for nearby residents. Cloud and precipi- 
tation augmentation is possible but should be minor, 
with little effect on crop productivity. 

Water Pollution 

Mining 
Processing 
Power generation 

Discharges of acids, dissolved solids, suspended 
solids, and other cheteicals can degrade drinking 
water supplies, contaminate waterways, lover crop 
productivity because of acidified irrigation or 
ground water, and reduce commercial and recreational 
use of streams and lakes. 

Water Use 

Mining 
Processing 
Power generation 

Mining can disrupt water flow patterns. Cooling 
needs during porter production require extensive 
amounts of water if evaporative systems are used. 
Both impacts can conflict with downstream and 
competing uses. 

Solid Waste ‘ 

Mining 
Processing 
Power generation 

Demand for disposal sites can be increased. Land 
use, val.r; and productivity can be reduced by over- 
burden ai.w refuse from mining and processing, ash 
and scrubber wastes, and by hazardous trace metals 
from coal. Ash wastes are about 23 Z less than those 
for the conventional coal fuel cycle. 

Land Use Disturbance 

Mining 
Processing 
Transportat ion 
Power generation 
Transmission 

Surface mining and power generation (waste disposal) 
remove land from alternate uses; reclaimed lend may 
be less productive agriculturally than before mining. 
Subsidence of land over underground mines can reduce 
land values; damage crops, buildings, and livestock; 
rupture pipes; and disrupt drainage. Coal process- 
ing can contaminate and lower value of surround- 
ing land. Transportation and transmission land re- 
quirements are significant and limit other uses of 
the land. 

Electromagnet ic 
Disturbances 

Transmission 

High intensity magnetic fields around transmission 
lines can cause radio and TV interference in fringe 
reception areas. 

Ionizing Radiation 

Power generation 

Small quantities of radioactive materials are emitted 
during coal combustion. Welfare effects of these 
emissions, which are uncertain, include effects of 
long-term exposure of crops and livestock to radiation. 

Noise 

Mining 

Transportation 
Power generation 
Transmission 

Welfare impacts of noise generation from most coal- 
related activities are relatively minor due to the 
remote locations of the operations. Audible hum from 
high-voltage transmission lines may occur. 

Aesthet ic 
Disturbances 

Mining 
Processing 
Transportat ion 
Power generation 
Transmission 

Visual impacts will occur from mines, tailing piles, 
power plants, stack plumes, and transmission corridors. 


*Hain aourcct Include Refi. IS, 116-124, 130. 
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Table 4.29 


Welfare Effects of a Liquid-Metal, 
Fast-Breeder Reactor Fuel Cycle® 


Environmental Impact 

Activities Involved 

Welfare Effect 

Air Pollution 

Fuel fabrication 
Transportat ion 
Power generation 
Reprocessing 

Air pollutants are emitted from coal plants 
which may be used to supply process power. 

Thermal Discharges 

Power generation 

Cooling tower operation can increase local 
fogging and icing with effects on visibility, 
traffic, and convenience for nearby resi- 
dents. Cloud and precipitation augmentation 
is possible, but should be minor, with little 
effect on crop productivity. Nuclear power 
parks «rould release much more heat than 
single power plants, but such parks would 
probably be sited in lightly populated areas. 

Water Pollution 

Fuel fabrication 
Power generation 
Reprocessing 

Process effluents can on occasion degrade 
drinking water supplies; degrade irrigation 
water, impairing crop growth; and reduce 
commercial and recreational use. 

Water Use Changes 

Power generation 

Cooling needs during power production require 
extensive amounts of water if evaporative 
systems are used and can conflict with down- 
stream uses. 

Solid Waste 

Fuel fabrication 

Small releases of trace elements into terres- 
trial ecosystems may locally reduce crop 
product ivity . 

Land Use Disturbance 

Reprocessing 

Decomissioning 

Exclusion zones around reprocessing plants 
remove land from other uses, whereas burial 
of low-level nuclear wastes may remove all 
further use of land involved. 

Electromagnet ic 
Disturbances 

Transmiss ion 

High intensity magnetic fields around trans- 
mission lines can cause radio and TV inter- 
ference in fringe-reception areas. 

Ionizing Radiation 

Fuel fabrication 
Power generation 
Reprocessing 

Low-level radiation emissions could act as an 
extremely low-level mutating agent for crops 
and livestock. Knowledge of a threshold 
level for adverse effects from ionizing radi- 
ation is uncertain. 

Noise 

Power generation 
Transmission 

No major effects. High-voltage transmission 
lines create a barely audible hum. 

Aesthetic 

Disturbances 

Power generation 
Transmission 

Aesthetic degradation due to cooling tower 
plumes and transmission corridors. 


*Maiii sources include Refs. 23, 110, 116, 120, 131-133. 
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Table 4.30 Welfare Effects of a Terrestrial 
Photovoltaic Fuel Cycle® 


Environmental Impact Activities Involved 


Welfare Effects 


Air Pollution 


Atmospheric Changes 
Water Pollution 


Water Use 
Solid Waste 


Mining 

Manufacturing 
Construction 
Transportat ion 


Solar Collectors 
Mining 

Manu factoring 


Mining 

Manufacturing 

Construction 

Mining 

Manu factoring 


Land Use Disturbance 


Mining 

Solar Collectors 
Transmission 


Electromagnetic Transmission 

Disturbance 

Noise Transmission 


Aesthetic 

Disturbances 


Mining 

Transmission 


Solar cell manufactur ing may produce toxic 
emissions — exact emissions and welfare 
effects arc unknown. Environmental prob- 
blems from fugitive dust from mining and 
construction could occur — welfare effects 
are not expected to be as severe as those 
of toxic emissions. 

Negligible effects on climate likely. 

Water pollutants generated by conventional 
mining and manufacturing activities could 
degrade drinking water supplies and cause 
reduced commercial and recreational yield 
in affected waters. 

Mining of materials could disrupt aquifers 
and bodies of water; impacts unknown. 


Mine tailings and residuals from photo- 
voltaic cell manufacturing could increase 
demand for disposal sites. Toxic manufac- 
turing wastes could reduce productivity 
and usefulness of land to some degree. 

Mining operations and solar collector sites 
remove large parcels of land from alternate 
uses. Post-mining agricultural use of 
reclaimed areas may be less productive. 
Large solar collector sites could require 
relocation of homes, roads, and right-of- 
ways and inconvenience persons having to 
drive around an area that they formerly 
could drive through. 

Power transmission can effect fringe TV ari 
radio reception. 

No major effects. High voltage transmis- 
sion lines create a barely audible hum. 

Mining activities and transmission lines 
would have visual impacts. 


■Main sources include Refs. 9, 134-140. 
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Table 4.31 Welfare Effects of a Satellite Power System Fuel Cycle* 


EnvironaenCal Inpact Activities Involved 


Welfare Effects 


Air Pollut ion 


Atmospheric Changes 


Theraial Discharges 


Water Pollut ion 


Water Use 


Solid Waste 


Land Use Disturbance 


Electronagnet ic 
Disturbance 


Microwave Radiation 


Noise 


Launch and recovery 
Mining 

Nanu factoring 
Construction 
Transport at ion 


Launch and recovery 
Rectenna 


Launch and recovery 
Rectenna 


Mining 

Manu factoring 
Launch and recovery 


Mining 

Manufacturing 
Construction 
Launch and recovery 

Mining 

Manu facturing 
Launch and recovery 


Mining 

Launch and recovery 

Rectenna 

Transnission 


Launch and recovery 
Satellite 
Microwave power 
transmission 
Transmission 


Rectenna 


Launch and recovery 
Transmission 


Aesthetic Mining 

Disturbances Satellite 

Transmission 


Solar cell manufacturing and rocket launches may pro- 
duce toxic emissions — exact emissions and welfare 
effects are unknown. Enviroixiental problems from 
fugitive dust from mining and construction and spills 
of rocket propellants could occur — welfare effects 
are not expected to be as severe as those of toxic 
emissions. 

Rocket emissions of CO 2 and H 2 O would augment the 
greenhouse warming effect to a small extent, with 
slight effects on precipitation, agriculture, and 
ocean levels. 

Waste heat from the rectenna would raise local tem- 
peratures slightly, possibly produce alight changes 
in local cloudiness, and contribute to heat island 
effects. Heat from launch ground cloud could modify 
local weather. Welfare impacts would likely be mi-ior. 

Water pollutants generated by conventional mining 
and manufacturing activities could degrade drinking 
water supplies and cause reduced commercial and re- 
creational yield in affected waters. (Transportation 
of propellants could result in accidental spills, with 
similar welfare effects.) 

Mining of materials could disrupt aquifers and 
bodies of water; impacts unknown. Local water short- 
ages due to cooling needs of the launch tower would be 
possible, but should be avoidable. 

Mine tailings, residuals from photovoltaic cell manu- 
facturing, and wastes from launch-related activities 
could increase demand for disposal sites. Toxic manu- 
facturing wastes could reduce productivity and useful- 
ness of land to some degree. 

Mining operations, launch and recovery sites, and 
rectenna sites remove large parcels of land from al- 
ternate uses. Post-mining agricultural use of re- 
els ismd areas may be less productive. Large rectenna 
and launch complex sites could require re'oeation of 
homes, roads, and right-of-ways and inconvenience 
persons having to drive around an area that they 
formerly could drive through. 

Launch vehicle emissions could modify the electron 
density of the ionosphere and disrupt communications 
systems. Reflected light and waste heat from the 
satellite could create EM disturbances; affected 
systems could include radio astronomy. SPS microwave 
coupling with electronic systems up to 100 km from 
the rectenna could occur. Power transmission can 
effect fringe TV and radio reception. 

Rectenna operation would emit low levels of micro- 
wave radiation beyond exclusion area. The effects of 
these emissions are unknown, but possibly could 
include indirect impacts on beneficial insects and 
invertebrates. Microwave radiation could also make 
crops more susceptible to other environmental 
stresses . 

Noise from HLLV launches could exceed recomsiended EPA 
noise standards. Sonic booms would occur during 
launch and reentry. High voltage transmission lines 
produce a barely audible hum. High noise levels near 
residential areas could reduce property values, cause 
annoyance, and interfere with other activities. 

Mining activities and transmission lines would have 
visual impacts. The satellites would be visible as 
bright objects in the night sky, affecting optical 
astronomy . 


•Main sources include Refs. 3, 90, 97, 116, 141-144. 
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Table 4.32 Welfare Effects of a Fusion Fuel Cycle^ 


Environmental Impact 

Activities Involved 

Welfare Effect 

Air Pollution 

Mining 

Impacts of mining lithium are 
unknown . 

Thermal Discharges 

Power generation 

Cooling tower operation can 
increase local fogging and 
icing with effects on visibil- 
ity, traffic, and convenience 
for nearby residents. Cloud 
and precipitation augmenta- 
tion is possible but should be 
minor . 

Water Pollution 

Power generation 

Releases of tritium into water 
supplies would be a health and 
safety issue. 

Water Use Changes 

Power generation 

Cooling needs during power 
production could require ex- 
tensive amounts of water if 
evaporative systems are used. 

Land Use Disturbance 

Decommissioning 

Burial of nuclear wastej may 
remove all further use of land 
involved . 

Electromagnetic 

Disturbances 

Transmission 

High intensity magnetic fields 
around transmission lines can 
can cause radio and TV inter- 
ference in fringe-reception 
areas . 

Noise 

Mining 

Power generatior 
Transmission 

No major effects. High-voltage 
transmission lines create a 
barely-audib le hum. 

Aesthetic 

Disturbances 

Mining 

Power generation 
Transmission 

Aesthetic degradation due to 
mines, cooling tower plumes, 
transmission corridors. 


®Main sources include Refs. 24, 103-105, 107, 109, 110, 112, 116, 120, 
145-152. 


Table 4.33 indicates the key areas of impact that have been identified. 
In the following sections, the principal areas of concern and the rationales 
for their selection are summarized. 

4.4.3 Generation of Air Pollution 


Air pollutants consisting of trace and toxic elements could be the 
major area of concern for coal, TPV, and SPS activities. Such emissions will 
arise in differing amounts from specific activities within each technology. 
Insufficient data exist for characterizing the type and quantity of trace 
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enissions resulting from the solar cell manufacturing process and rocket 
launch activities. However, the potential exists for atmospheric emissions 
of gallium, arsenic, hydrogen sulfide, and other compounds during GaAlAs 
manu facture . 

Emissions of potentially hazardous trace metals are discharged into the 
atmosphere with the waste geses from combustion at coal-fired generating 
plants. Although the quantities emitted are small, their degree of enrichment 
in the flyash and their hazardous nature requires that this be considered an 
area for concern. Other coal-related emissions require attention: coal 

combustion emits primary SO 2 and NOx, which are precursors of secondary 
sulfate and nitrate particles and have been implicated in acid precipitation 
and impairment of visibility. Lakec with reduced buffering capacitv czr. 
acidify and deteriorate the aquatic environment, resulting in commercial and 
recreational losses. Degraded visibility may impair navigation and result in 
cancelled or delayec. airline flights. 

Emissions of regulated criteria pollutants from coal combustion (SO 2 , 
NOx, TSP, HC, CO), releases of cooling tower drift from coal and nuclear 
generating stations, and fluoride from nuclear fuel-conversion facilities are 
areas of moderate concern and are likely to be controlled to acceptable 
levels. However, these pollutants have been implicated in the physical damage 
to and reduced useful life of metals, building materials, and stone objects 
such as sculptures. Pollutants at elevated levels have affected the produc- 
tivity, appearance, and yield of crops, thereby causing economic damage. 


4.4.4 Climatic Changes Due to Air Pollution 

The impact on global climate that is currently given the most attention 
is the global warming effect caused by increasing CO 2 levels in the atmosphere 
and the resulting "greenhouse effect." Atmospheric models predict that 
doubling of CO 2 levels above pre-industrial levels will produce a global 
average warming of 1* to This could occur as early as 2025, although 
noticeable wanning should not be detected before 2000. Such a temperature 
increase may significantly affect precipitation patterns, agricultural produc- 
tion, energy use, and ocean levels through melting of polar ice. 

Combustion of coal releases substantial amounts of CO 2 into the atmos- 
phere (5 X 10® metric tons annually for a 1,000-MW power plant). Although 
this is not a local problem, coal combustion contributes significantly to the 
total man-made input of CO 2 into the atmosphere. Furthermore, coal combustion 
also releases amounts of other "greenhouse" gases such as SO 2 and H 2 O, which 
appear to be of a less severe nature. 

Another area of concern is the increase in global levels of atmospheric 
particles, %diich, depending on their location and optical properties, act to 
change the radiative properties of the earth-atmosphere system and effectively 
warm or cool the earth’s surface. It has not been established whether or not 
the increase in atmospheric particle concentrations over the past century 
has produced a net warming or cooling effect. The direct emissions of par- 
ticles from coal combustion, and emissions of gaseous species such as sulfur 
and nitrogen oxides which are converted to particles in the atmosphere, do 
not contribute significantly to global levels of atmospheric particles. 
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The major emissions into the atmosphere from SPS activities will occur 
from rocket launches. Rocket effluents include substantial amounts of C02t 
but these emissions are at least 100 times smaller than the CO 2 emissions 
from coal combustion for an equivalent amount of system capacity. The 
possibility exists for some upper-level clouds to be formed by H 2 O injec- 
tions into the mesosphere. The impacts of these clouds do not appear to be 
significant but are not well known at present. A slight depletion of the 
total ozone column due to emissions of H 2 O and NO^ is possible but is not 
expected to affect global climate to a noticeable extent. 

The ability to reliably predict climatic change resulting from air 
pollution emissions is currently limited by several factors. There is con- 
siderable uncertainty concerning the extremely complex nature of the earth- 
atmosphere system and the interrelations between the various parts of the 
system. Insufficient knowledge hampers the prediction of how second-order 
coupled processes or "feedback mechanisms" might enhance or suppress a first- 
order effect on climate such as a surface warming due to CO 2 . There is also 
uncertainty about the magnitude of the effect of other greenhouse gases and 
atmospheric particles compared to the CO 2 effect.^^^ The role of natural 
climatic fluctuations in enhancing or masking trends due to man-made emissions 
further contributes to the uncertainty of predictions. It is expected that 
the ability to predict climatic change will improve with additional research; 
however, drastic improvements in forecast reliability are probably not to be 
expected in the near future because of the complexity of the problem. 


4.4.5 Thermal Discharges and Resulting Climatic Change 

Production of electrical energy results in the rejection of waste 
heat to the environment. A nuclear power plant with an efficiency of 32Z 
releases two units of waste heat for each unit of heat used to produce 
electrical energy, as do coal- and oil-fired plants that operate on the 
Rankine cycle. However, with nuclear plants all of this waste heat is 
rejected to cooling towers. The impacts of this waste heat are local and 
dependent on the type of cooling technology, the amount of heat released, and 
the local ambient meteorological conditions. Most existing and all planned 
nuclear power plants employ cooling towers. Most new and planned coal- 
fired plants also use cooling towers. Mechanical-draft cooling towers can 
produce an increase in local ground fog a few days per year within a few 
thousand feet of the towers. Some local icing may occur during the winter 
when the moist thermal plume contacts the ground. Production or enhancfT" 
ment of cloudiness in the vicinity of large cooling towers has also be«n 
observed. In areas where these problems occur, technology is availablv 
at a moderate incremental cost to eliminate the adverse effects. 

A relatively unlikely, but potentially significant impact could oqcur 
in the future if nuclear power plants are clustered into energy "parks." The 
large release rate of waste heat (e.g., 72,000 MWt from a 36,000 MWe power 
park) over an area of relatively small radius (10 to 100 km) could produce or 
enhance severe local weather events such as thunderstorms and hail.)^^ Of 
the three nuclear options characterized here, the LMFBR has the lowest heat 
rate and fusion has the highest. 
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A coal-fired power plant la a little aore efficient than a nuclear 
power plant (36Z veraus 342). Thua, the local vaate heat iapacta for coal 
technologiea ahould be amaller than thoae of nuclear technologiea for a plant 
of equal aize and aimilar cooling technology. In addition, the vaate heat 
effecta from coal-fired power planta are reduced becauae not all of the waate 
heat ia emitted from the cooling tower. About 252 of the total waate heat of 
a coal-fired plant ia emitted from the atack. 

The SPS rectenaa will releaae waate heat with a denaity of 7.5 W/m^ 
over a 100 km^ area. Thia ia an energy denaity of about 102 of the average 
net aolar radiation at the earth'a aurface. In conditiona of light winda, 
temperature perturbationa of aa much aa 1*C could occur in the vicinity of the 
rectenna.^^^ Changea in cloudineaa near an SPS rectenna or a TPV ao’ " 
collector area could occur, but an impact on precipitation diatribution seems 
unlikely. 


4.4.6 Water Pollution 


Insufficient information concerning the solar cell manufacturing 
process precludes an accurate assessment of the severity of water-polluting 
emisaiona from this activity. However, the toxicity of the raw materials and 
the possibility of accumulation in the environnent warrants further attention. 
With data currently available, it is not possible to identify specific water 
pollution problems or effects that could occur during normal operation. 
However, it is possible that water pollution may result from SPS launches, 
SPS rectenna construction runoff, and TPV construction runoff. 

Acid mine drainage from underground coal mining activity is an impact 
of concern, and in the past such drainage has deg.'aied many eastern waterways. 
Acid-contaminated waters endanger aquatic pomJations by altering species 
type, diversity, and quantity, thereby limiting commercial and recreational 
opportunities. Various federal and state programs have instituted water 
quality criteria, effluent limitations, and reclamation requirements to 
control the problems associated with mining activity. There is controversy 
over the ability of these laws to achieve the desired effect. LMFBR and 
fusion technologies require minimal mining activities by comparison, hence 
significantly smaller environmental welfare effects. 

LWR fuel fabrication is also an area of concern although a minor 
one. Existing plants have occasionally discharged ammonia, nitrates, and 
fluorides into low-flow streams, thereby reducing the quality of the water. 


4.4.7 Water Use Changes 

Heavy consumption of water is treated in Sec. 4.5 as a resource 
issue. Hotrever, heavy use of water can decrease the amount of water available 
downstream for dilution and therefore can be a welfare issue as well. Mining 
operations can disrupt aquifers, resulting in lowering of the ground water 
table and alteration of water flow patterns, which could affect crop irriga- 
tion. Wet cooling towers at coal or nuclear power stations can consume large 
quantities of water. Technologies that do not consume water could be utilized 
in areas where water is scarce. During the LWR fuel cycle, the production of 
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uranium hexafluoride and enriched uranium (gaseous diffusion process) also 
requires heavy consumption of water. 


4.4.8 Generation of Solid Waste 


The impact of solid waste generation cannot be entirely separated from 
land use issues. However, small amounts of waste can have large impacts on 
future land use when the nature of the waste affects the disposition of the 
land into which it is placed. Issues concerned with the quantity of land 
necessary for the disposal of solid waste are treated in Sec. 4.4 as a 
land-resource issue. 

Manufacture of the GaAlAs solar cell will produce 2 x 10^ metric tons 
of aluminum oxide waste for each 5-GW satellite produced. This quantity of 
waste could present a disposal problem if aP cells were manufactured at a 
single facility. Aluminum oxide does have commercial value for other pur- 
poses, which could lessen the impact of its disposal. Similar uncertainties 
exist for the manufacture of silicon cells for the TPV system. 

A 1,250 MW conventional coal power plant using Wellman Lord SO 2 removal 
will produce about 5 x 10^ metric tons of solid waste and sludges annually. 
CG/CC plants will produce about 20Z less solid wastes and sludges. The 
quantity of waste leaving the power plant site will vary depending on the 
availability of land for on-site disposal. Procedures for returning these 
areas to productive use are available but are not mandated. Regulations 
governing the toxic nature of these wastes are currently being considered. 

Modest amounts of solid and liquid waste are generated in support 
of the LWR power cycle. However, most of these activities generate radio- 
active waste that must either be sent off site for commercial burial or 
buried on site. Among these wastes are: 

a 500 metric tons per facility per year of uranium hexa- 
fluoride-process effluents consisting of iron, calcium, 
magnesium, copper, and nonvolatile f' jorides (shipped 
off site). 

• 90 metric tons per facility per year of enrichment- 
cleanup sludge consisting of mostly settleable solids, 
precipitated metals and soil runoff (retained on site). 

• 700 metric tons per facility per year of calcium 
fluoride from fuel-fabrication activities (generally 
retained on site). 

a Numerous liquid and solid radwastes that are released 
through fission product leakage, activation of chemical 
inhibitors, reactor purification procedures and spent 
reactor parts (shipped off site). 

a Spent reactor fuel shipped to the reprocessing center. 

Large amounts of mine and mill tailings should not present any specific 
problem since they are often used as backfill and retained on site. However, 
inadequate precautionary measures have, on occasion, permitted low-level 
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radioactive tailings to enter the environnent. LMFBR and fusion technologies 
would have significantly fewer enviromaental tmlfare inpacts in this area due 
to minimal mining requirements. LMFBRs could obtain fuel from LWR tailings 
for many years . 

Coal, nuclear, and solar technologies each require the extraction 
of conventional materials, such as steel and aluminum. These activities will 
not produce any unique problems with respect to solid waste generation. 


4.4.9 Land Use Changes 

The quantity of land removed from public use and the permanent iso- 
lation of land are not considered here since these are principally resource 
issues. Additional questions c ncerning changes in land use remain. Mining 
operations for fuel and materials have the potential of contaminating or 
eroding other land areas. Reclamation of mined areas way not be entirely 
effective in returning the land to its formerly productive state. Reclamation 
of mined areas in arid climates such as the southwestern U.S. is difficult. 
Proper operation and reclamation techniques should reduce the level of 
concern . 

Electromagnetic interference with communication systems near the 
SPS rectenna location has the potential for limiting the typ>e and diversity of 
land use activities around the site; although it is conceptually possible to 
mitigate these effects, specific measures and cost estimates are currently 
unavailable. The removal of large land areas from public use, because of 
the presence of the rectenna, will inconvenience persons having to drive 
around the site; a similar problem will occur if the rectenna site is near a 
navigable waterway. 


4.4.10 Noise Generation 


The major noise disturbances (noise exceeding 60-80 dBa, 24-h weighted 
average) will be from SPS rocket launch operat ions , ^ and will likely 
exceed EPA recommended 24-h, time-averaged noise standards and elevate noise 
levels in surrounding communities to a distance of 30 km. Launches are 
projected to occur several times a day. Sonic booms during launch and reentry 
operation will elevate nois? levels to a lesser degree. Elevated noise levels 
near residential areas could lead to depressed property values. These effects 
could be mitigated by launching far from populated areas. 

Coal and nuclear mining and power generation have a moderate noise 
impact. Noise from power production arises from cooling tower fans and plant 
support activities. Blasting and drilling during mining may also elevate 
noise levels iu the immediate vicinity. Noise measurements assessed at the 
property line in most cases are not expected to be significant, and use of a 
buffer zone between the noise source and the property line frequently serves 
as a mitigation technique. 

Another source of noise that is common to the energy technologies 
will occur during rail transport of fuels and materials. Transmission line 
noise is only barely audible with 345 kV AC lines but increases with the use 
of high er-voltage lines. 


128 


4.4.11 Electromagnetic Di«turbance« 

Significant electromagnetic diaturbancea from the SPS may occur from 
microwave coupling with electronic ayatema at diatancea of up to 100 km from 
the re.'tenna aite.^^^ Functional degradation can affect military radar, law 
enforceoMnt, emergency, and utility communicationa, and other auaceptible 
ayatema. However, it ia anticipated that modificationa (currently undefined 
both technically and from a coat point of view) could be made to theae 
ayatema to mitigate theae effecta. 

Other electromagnetic diaturbancea related to SPS activitiea may be 
anticipated. Rocket effluents may induce ionoapheric alterationa that may 
affect communication ayatema relying on the ionosphere. Debria clouds con- 
aiating of orbiting gaseous and particulate effluenta could interfere with 
radioastronomy and radionavigation. ’'^e likelihood and severity of theae 
occur rencea ia unknown but ia currently under investigation in the environ- 
mental assessiaent of the SPS.^^^ 

High-intensity electromagnetic fields generated around power trans- 
mission lines have, in some instances, caused radio and TV disturbances in 
fringe reception areas. This effect is thought to be of minor concern. 
However, it is common to all centralized energy technologies and is likely to 
increase with the higher tranitmission-line voltages. 


4.4.12 Radioect '.v e Emissions 

Radiation releases containing trace radioactive materials result 
from the burning of fossil fuels^^^^ and all other activities in the nuclear 
fuel eye le . SPS activities do not result in emission of ionizing 

radiation. 

The study of airborne radioactive particles from coal combustion 
has not been comprehensive. Radioactive effluents originate in coal and are 
emitted with the stack gases. Uranium, thorium, and radon constitute the 
radioactive emissions of coal combustion, which vaay release on the order of 
1.2 Ci annually, depending on the nuclide concentration in the coal seam. 
Radioactive airborne releases from a 1,2S0-MW coal plant are considerably 
below the amount resulting from a comparably-sized boiling water reactor. 
Standards limiting radioactive emissions from fossil-fueled power plants do 
not currently exist but could be promulgated under Che Federal Clean Air Act 
Amendments of 1977. 

Low-level radiation emissions from routine operation of nuclear power 
facilities are greatest during power generation and milling activities. In 
addition, fuel reprocessing is required by the LMFBR, end causes the release 
of larger amounts of radionuclides, primarily krypton, than would be released 
from an LMFBR power plant. The use of exclusion zones around nuclear facili- 
ties reduces the off-site exposure. Radiation emissions are below the levels 
established by federal Nuclear Regulatory Commission regulations (10 CFR* 20, 
10 CFR 50), and are characterized as having low welfare impact. However, the 
radiation threshold level beneath tihich an effect will not be observed is 
uncertain, and therefore these standards are being reexamined. 


♦Code of Federal Regulations 
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4. A. 13 Microwave kadiation 


Microwave radiation levela will be ^ evated in the vicinity of the 
SPS rectenna station. Levela within the exclusion cone will be as high 
as 23 mW/cm^ . Levels below 0.1 mW/cm^ will be experienced beyond the 
exclusion xone.^ 

Linited information exists regarding the direct impact of microwave 
radiation on biological systems. All of the information that is available 
relates to high-level microwave exposures. Although the likelihood of 
occurrence of microwave effects is unknown, the potential severity could be 
significant. Microwave exposure may alter the mortality, reproduction, and 
behavior of birds, invertebrates, and beneficial insects. Disturbances 
of pollinixat ion by bees could affect food supplies and is currently under 
study. Direct microwave exposure could increase the susceptibility of 
crops to environmental stress such as drought, resulting in decreased yields. 
Birds relying on the earth's magnetic field for navigation may show altered 
migration pat terns. Judicious siting may reduce the extent of impact from 
microwave exposure. 


4.4.14 Aesthetic Disturbances 

Direct aesthetic impacts are site-specific, and the extent of these 
disturbances can be moderated by avoiding archaeological, cultural, end 
historical areas, protected scenic and recreational areas, and habitats 
of rare and endangered apecies during the siting process. Other types of 
aesthetic degradation may arise from unsightly mines; visually disturbed 
areas, e.g., facilities sited in rural areas; transmission corridors; visible 
cooling tower and stack plumes and plume shadows; and n 'se-produc ing opera- 
t ions . 


The aesthetic impacts of satellite operation include the brightness 
of the satellites visible in the night sky. The diffuse glare from reradiated 
light may also interfere with optical astronomy. 


4.5 RESOURCES 

This section summarizes the comparative assessment of five resources — 
land, materials, energy, water, and labor. The materials, energy, and labor 
assessments include only a side-by-side analysis; for land and water, the 
assessments include an alternative future*; perspective using the results of 
the scenario analysis described earlier in Sec. 4.1. 

Seven technologies aie compared with regard to the land and water 
issues, tdiich are considered to be the most important resource issues. 
Conventional coal with flue gas desulfurization, Hffi, CG/CC, LMFBR, TPV, SPS, 
and fusion were the technologies compared for these issues, and subsets of 
this group were compared for the other issue areas. 

The essential ingredient of the alternative futures analysis for land 
and water use is energy supply, by technology, through the year 2030. These 
data (baseload capacities), produced as part of the scenario development, are 
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listed in Tables 4.7 through 4.9 in Sec. 4.1. Each of the three scenarios Cl, 
UI, and UH is considered under two conditions: (1) excluding the SPS from the 
energy supply system, and (2) including the SPS after 2000. 

Results cf the side-by-side analysis are listed qualitatively in 
Table 4.34. Details of these results, as well as those of the alternative 
futures analysis, are presented in the following sections. 


4.5.1 Land 


Overview - Land requirements were developed as part of the er»-_..gy 
systems characterizations summarized in Sec. 3. These data were then normal- 
izeu and compared on a side-by-side basis, by computing the amount of land 
required to obtain 1,000 MW of installed capacity. Both plant site and annual 
fuel cycle requirements were considered. Another side-by-side comparison was 
made on the basis of lard per unit energy. This comparison accounted for load 
factor and, in the case of TPV, average daily insolation. Next, the scenario 
data were brought into the analysis to determine total land requirements for 
baseload electrical generation for the period 1980-2030. The 1980 figures 
provide a frame of reference for the differing results of the three scenarios 
(CI, UI, and UH) Wi. h and without inclusion of the SPS in the energy supply 
system. 


Transmission requirements were not included in any of the calcula- 
tions because they have been shown to be about the same for all technologies, 
particularly in view of studies showing that 60 SPS rectennas can be sited 
within 500 km of a load center. 

Side-by-side results show that the solar options (TPV and the SPS) 
require very large, contiguous land areas. TPV could be deployed in smaller 
units (with the question of economia effects left unanswered), mitigating the 
requirement for contiguous land. On the basis of land per unit energy, TPV 
requ’>f^s about three times as much land as the SPS, whereas coal requires 
about tial f the land of the SPS, and che nuclear options are about a factor of 
10 loweu ; han the SPS in this regard. 

Scenario results indicate that total land use (excluding transmission) 
increases 0-500% without SPS and 100-900% with SPS by the year 2030. Over 
the same period of time, baseload capacity increases 90-800%. SPS land 
requirements for the year 2030 are about 2-5 times the total lane”, ii. use 
today for baseload electrical generation. In all cases, the low figures 
result from scenario CI and the high figures result from scenario UH; results 
for scenario UI fall between these values. 


Side-by-Side Comparisons . The energy technology characterizations of 
Sec. 3 provide the plant and fuel cycle requirements. The latter are signif- 
icant only for coal (conventional coal and CG/CC are very similar and are 
aggregated for the calculations in this section) and the LWR. Assuming that 
land disrupted during the fuel cycle is restored in six years, the land use 
estimates are as listed in Table 4.35. 
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Table 4.35 Land RequiremenCe, by Technology, in 
km^ per GW of Installed Capacity 


Technology 

Plant 

Fuel Cycle 

Total 

Coal 

2 

8 

10 

LWR 

2 

1 

3 

LMFBR 

2 

0 

2 

TPV 

20 

0 

20 

SPS 

30 

0 

30 

Fusion 

2 

0 

2 


Fuel cycle figures reflect the fact that LWR activities disrupt about 
one-eighth the land disrupted for coal technologies. For the remaining 
technologies, fuel cycle activities result in negligible land disruption. 
The land area needed for '' ^posal of nuclear waste is negligible (less than 5Z 
of that required for the ^^snt). In the case of coal, fuel cycle activities 
at any point in time will have disrupted about four times as much land as that 
required for the plant, assuming that a 6 -year land reclamation program has 
been successfully implemented. 

To obtain results in terms of land per unit energy output, the operat- 
ing factor (accounting for availability, load factor, and insolation for TPY) 
must be specified. These factors, along with the land requirements in km^/ 
GW-yr, based on a 30-year life for each technology, are listed in Table 4.36. 
The operating factor for TPV represents an average figure for the two loca- 
tions (Phoenix and Cleveland) considered in the technology characterizations . 

The results of Table 4.36 indicate that only one comparison changes: 
although SPS requires the most land on an ins t al led-capac ity basis, TPV 
requires the most land on the basis of energy output. One reason for this is 
the limited number of hours per day that insolation is available. 


Alternative Futures Comparison . Demand data have been listed in Tables 
4.7 through 4.9 in Sec. 4.1. These data, plus the land requirements data in 
Table 4.35, can be used to estimate total land requirements. These results 
are shown for individual scenarios in Figs. 4.34 through 4.39. Figure 4.40 
illustrates the overall land requirements for all scenarios. 


Table 4.36 Land Requirements per Unit Energy Output 


Technology 

km2/GW 

Operating Factor 

m2 /GW-yr 

Coal 

10 

0.7C 

450 

LWR 

3 

0.70 

130 

LMFBR 

2 

0.70 

100 

TPV 

20 

0.22 

3000 

SPS 

30 

0.90 

1100 

Fus ion 

2 

0.70 

100 
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YEAR 

Fig. 4.34 Land Requirements for Scenario Cl. without SPS 



Fig. 4.35 Land Requirements for Scenario Cl, with SPS 







35 
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Observat ions . An unconstrained energy future with high energy inten- 
siveness will likely result in much larger land requirements than used today. 
With SPS deployment, land requirements go up even higher. If TPV were to be 
deployed at a higher rate, further increases would be required. Without 
deploying SPS, it may be p>ossible to keep land requirements for baseload 
energy production within a factor of two of today's requirements if lower 
energy intensiveness prevails. 

In scenario Cl, considered to be the most likely, deployment of SPS 
would itself result in the use of about 75Z more land than the 1980 estimate 
for all technologies. Without SPS, the 1980 and 2030 figures are about equal 
in that scenario. 

This analysis does not address th<3 issue of acquisition of the needed 
land areas. Acquisiton may prove to be difficult constraint in the case of 
the SPS, which requires large amounts of contiguous land in the current 
baseline design. A mitigating strategy is to reduce the size of the rectenna, 
which would decrease the installed capacity if power densities cannot be 
increased appropriately. 

Since the question of land use is likely to play an important role in 
the siting of future energy technologies, the effects of SPS deployment and/or 
highly energy-intensive economies must not be overlooked. 
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4.5.2 Materials 

The objective of the materials analysis was to assess potential mate- 
rials problems by identifying the types and quantities of materials required 
by the SPS and alternative technologies. Defining materials problems is not 
simple; many important factors should be included; resources, reserves, 
production capacity, import dependence, price, and opportunity costs. 

The possioility of resource and/or reserve constraints depends on 
market penetration scenarios. Domestic production factors include current 
capacity, normal growth rate, and required growth rate to meet a given demand 
level. If domestic supplies of l material are inadequate, the balance must 
come from foreign markets; consequently, the possibility of cartels and the 
effects on the U.S. balance of trade must be considered. Since price is 
influenced by supply and demand, the possible effects of large increases in 
supply or demand must be investigated. If a material is largely used by a 
single energy technology, opportunity costs result from the limited use of the 
resource for other purposes. The possibility of substitute materials becomes 
an important issue for any materials judged to be a potential problem. 

This comparative assessment is based on available research. In 
general, conclusions about materials problems published in the open literature 
were not based on rigorous considerations of the above-mentioned criteria. 
Thus there is a lack of uniformity in conclusions from technology to tech- 
nology because the assessments were done by different researchers. Where 
possible, an attempt was made to reconcile these differences for this assess- 
ment . 


Sources include environmental impact statements, ^3, 159 system de- 
signs, system descriptions, ^39, 162 federal documents, end 
comparative studies.^*^» ^^^“368 

The present comparison focuses on three screening criteria: Import 
dependence, availability (resources/reserves), and demand. Table 4.37 sum- 
marizes potential materials problems, by technology, for the three screening 
criteria. There are two materials that raise all three flags: gallium and 
tungsten. Gallium is used for the SPS. and tungsten is used for both coal and 
the SPS. A number of materials raise the import dependence flag, probably the 
most important from a nation^, security point of view. Nine SPS materials are 
indicated for reasons of import dependence. 

Because of the lack of complete and highly reliable materials data; a 
scenario perspective was not explicitly attempted for materials. Thus, the 
aSieisment has proceeded only to a qualitative side-by-side level. 


4.5.3 Energy 


Objective . The objective of the net energy analy8is369 to provide 
a comparison of the net energy requirements of the SPS (silicon and GaAlAs 
solar cells) and alternative energy supply <iystem8 (CG/CC, LWR, and TPV with 
silicon solar cells). Conventional energy systems provide substantially more 
energy than was required to put them into operation, and so the concept of net 
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Table 4.37 Potential Materials Problems, by Technology, 
for TV,ree Screening Criteria 

Coal LWR LMFBR TPV SPS Fusion 


Aluminum 





A 




A 





Carbon Steel 

o 

O 

o 

O 

O 

o 

Chromium 

A 

AD 

AD 



aD 

Cobalt 

A 






Gallium 





aD 

0 


GFRTP^ 





o 


Lithium 






0 

Manganese 


A 

A 


A 

A 

Mercury 





AD 


Molybdenum 


□ 

□ 



D 

Nickel 

AD 

AD 

aD 

aD 

aD 

aD 

Silicon 




o 

o 


Silver 





aD 


Titanium 





A 

o 

A D 


AD 

o 




AD 

o 


zinc 



A 

aD 

A 

A 


KEY: A Import Dependence (^Availability O High Demand 

•Graphite Fiber Reinforced Thermoplastic. 


energy analysis was not important to the decision-making process. Advanced 
technologies, however, require more energy investment to recover each unit of 
usable energy, and so the net energy assessment becomes a more important 
decision parameter. 


Approach . This preliminary analysis considers state-of-the-art (circa 
1985) capabilities for materials extraction and fabrication in order to 
identify critical areas needing improvement. The possibility of technological 
improvements was considered in a number of key areas. The energy content of 
the fuel is not considered. 

The boundary of each energy system was defined as extending from 
the primary resource (coal, uranium, and solar radiation) to electricity 
transmitted from the generating plant. The boundary includes environmental 
control systems and procedures to the extent that they are directly attrib- 
utable to the energy system. Materials, fuels, and electricity required for 
plant construction and operation are also considered. 
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A combination of process analysis and input/output analysis was used 
to compute the energy balance parameters for each supply system. Process 
analysis involves a detailed balance of energy flows into and out of a system. 
It is the most accurate and most involved method and can be applied to 
situations where a great deal of process-specific information exists. Input/ 
output (I/O) analysis uses an analogy to economic input/output analysis to 
determine the energy "costs" of any energy supply. It involves an identifi- 
cation of the interactions between sectors of the economy required to produce 
energy and a translation of the flow of goods and services among sectors into 
energy equivalents. 

Each of the systems chosen for evaluation is described as a collection 
of system elements. Each element represents a particular piece of hardware, 
processing step, energy conversion step, or transportation mode. The energy 
balance of each system element is described in Fig. 4.41. The primary input 
is in the form of fuel (e.g., coal into a coal-processing plant) or energy 
(e.g., heat from a solar collector into a boiler). The ancillary operating 

inputs are those energy forms required to keep the process operating. The 

gross output is the energy or processed fuel that results from the system 

element. A portion of this gross output may be used to meet internal energy 
requirements. The balance is the net output that goes on to become the 
primary input of the next system element. The losses are the difference 
between the outputs and the inputs. 

Up tc this point, a straightforward energy balance can be carried 

out since all quantities of materials and their energy contents can be di- 
rectly computed. This is the extent of the process analysis used in this 
assessment . 

The indirect energy requirements of the system are embodied in the 
capital energy inputs, i.e., the materials, fuels, and electricity required to 
build the system element, and in the energy required to supply the electric- 
ity, fuels, and materials for operating inputs. A simplified analysis was 
used to compute direct energy requirements during this phase of the analysis. 


PRIMARY 

INPUT 


ANCILLARY CAPITAL 
OPERATING ENERGY 
INPUTS INPUTS 


SYSTEM 

ELEMENT 


INTERNAL 

USE 


GROSS NET 

OUTPUT OUTPUT 


LOSSES 


Fig. 4.41 Schematic of Energy Balance 
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For each system element the quantities of materials, fuels, and electricity 
required to build and operate the system were compiled with the aid of 
published data on energy requirements^ expressed either in joules par 
ton of materials or joules per dollar of material cost. The physical material 
quantity or material cost is converted into an energy requirement equivalent. 


Energy Balance Parameters . A number of energy balance parameters were 
calculated, including gross efficiency, operating efficiency, operating ratio, 
lifetime efficiency, lifetime ratio, and payback period. Gross efficiency 
measures the amount of energy delivered per unit of input energy. Operating 
efficiency is a more complete measure of how effectively the basic energy 
resource is being utilized, i.e., how efficiently a given technology extracts 
useful energy from a primary energy form. The operating ratio eliminates the 
energy content of the primary resource from the calculation. This parameter 
is a measure of how much useful energy can be extracted from a primary 
resource. It considers the primary resource as fundamentally unusable in its 
basic state and measures the amount of energy that must be expended to convert 
it .nto usable form. The lifetime efficiency and lifetime ratio are analogous 
to the operating efficiency and operating ratio. They include the capital 
energy investment in the balance process, which represents the energy required 
to construct the system. Payback period is the time required for the system 
to produce enough useful energy to match the energy investment in building 
and operating it. All of these parameters must be considered because the 
efficiency and payback calculations tend to be better for the coal and nuclear 
systems than for the solar energy systems, whereas the operating ratio and 
lifetime ratio calculations tend to be better for the solar-based systems than 
for the coal and nuclear systems. 

Annual and lifetime net outputs are computed in terms of electrical 
units. All inputs are computed in thermal units but do not consider the 
thermal energy content of the fuels or materials involved, only the energy 
expended on such activities as mining, processing, and transportation. These 
are the usual conventions for doing a net energy analysis. Thus, this 
approach represents a short-term view of the use of a nonrenewable resource 
base; for example, in computing payback, the interest is in determining at 
what rate an energy system returns electrical energy, given the investments 
(inputs) required. It does not consider the issue of depletion of a non- 
renewable resource base, which must be addressed as a lost opportunity issue 
for alternative uses of the resource. Furthermore, if the thermal content of 
a nonrenewable resource were considered, the payback period for systems based 
on nonrenewable resources would be infinite, by the second law of thermo- 
dynamics. 


Results . Table 4.38 summarizes the baseline calculations. The coal 
and nuclear* systems are two to five times more efficient than the solar 
systems but operate on nonrenewable resources. The calculation of efficiency 


*0f the nuclear syrtems, only the LWR was studied in detail. The LMFBR, 
although it has higher capital energy costs, should at least break even due 
to lower fuel energy costs. LMFBR fuel is produced by chemical separation, 
which is less energy intensive than the diffusion process needed to enrich 
fuel for the LifR. 
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Table 4.38 Summary of Energy Balance Data 


Parameter 

Nuc lear 

Coal 

Terrestrial 

Solar 

Photovoltaic 

SPS 

Lvni 

OG/CC 

Silicon 

Silicon 

GaAlAs 

Gross Efficiency* (Z) 

22 

37 

6 

7 

7 

Operating Efficiency^ (Z) 

20 

33 

6 

7 

7 

Operating Ratio^ 

3 

4 

27 

17 

78 

Lifetime Efficiency*^ (Z) 

20 

33 

5 

7 

7 

Lifetime Ratio* 

3 

3 

1 

4 

18 

Payback Period (yr) 

1 

1 

20 

6 

1 


Source: Ref. 130. 


‘Annual net output/annual primary input. 

^Annual net output/annual primary, operating, and internal inputs. 

^Annual net output/annual operating and internal inputs. 

^Lifetime net output/lifetime primary, operating, and internal inputs. 
‘Lifetime net out put /lifetime operating, internal inputs, and capital inputs. 
^Time at which net output equals operating * capital inputs. 


for each system is not sensitive to the gross, operating, or lifetime calcula- 
tions. The conversion efficiency of the system dominates the recult. 

The operating ratio calculation shows that the solar energy systems 
require substantially less operating energy per unit of electrical output. 
However, the lifetime ratio calculation shows that the intensive capital 
investment reduces their energy ratios significantly. The payback period for 
all systems except SPS/Si and terrestrial photovoltaic is less than 1.5 years. 
In both of these cases, sensitivity analysis shows that long payback is 
dominated by the energy intensity of silicon production. A number of possi- 
bilities, including reduction in the overall energy requirements of cell 
production, the use of solar-generated electricity in place of conventional 
electrical power for cell manufacture, increased cell lifetime, and decreased 
silicon requirements could reduce the SPS/Si payback period to a level compar- 
able to the other systems (i.e., one to two years); the best cembination of 
conditions for the terrestrial photovoltaic system would still result in a 
payback of about six years. 


Comparison to Other Studies . The comparison of these SI'S results with 
those of previous studies is of particular interest. Direct comparison is 

difficult because each study is based on a different reference design and 
methodology. Some approximate comparisons can be made howver, noting the 
major sources of difference. 
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A Planning Research Corporation study*^^^ used I/O analysis of a 
GaAlAs SPS. The study assumed higher energy intensiveness and resulted in a 
2.5 year payback (vs. 1.3 years calculated here). 

Herendeen^^^ used I/O analysis and uncertainty to set a range tor 
the lifetime ratio from 0.7 to 6.6, with a mean of 2.1, for a lO-GW SPS. This 
is surprisingly close to our result of 4.0, considering major differences in 
the assumption about silicon cell life. Herendeen assumed an exponentially 
decreasing cell power output over a 30-year lifetime. This analysis assumes 
maintenance to obtain constant power output and a 30-year life. 

A Jet Propulsion Laboratory (JPL) stuoy^^^ computed a payback period 
in the range of 1.2 to 1.6 years for a system of 48 10-GW silicon satellites 
(vs. 6.4 years here). Three major factors account for the difference in the 
estimates. JPL assumes a reduction in the requirements for silicon cell 
production to about one- fourth of the energy requirements assumed here, and 
only half as much silicon. Most important, JPL converts electrical energy to 
a thermal equivalent by multiplying by a factor of three. Removing only this 
last difference results in a payback of 3.6 to 4.8 years for the JPL study. 


Summary . Tae current state of knowledge indicates that energy balance 
is not a significant factor precluding the development of certain coal, 
nuclear, and satellite power systems. There are indications that reductions 
in energy requirements for silicon cell production will be needed, since those 
requirements constitute a large factor in net energy calculation for silicon 
systems. In addition, although current data indicate that GaAlAs cells provide 
a viable alternative, fui ther studies are warranted because information on the 
energy requirements of these cells is extremely limited. 

In conclusion, the net energy analysis has shown that the SPS system 
with silico'< cells is a viable alternative, having a payback period substan- 
tially mailer than its lifetime; a TPV system using silicon cells does not 
look as attractive. However, if the most optimistic projections were realized 
for silicon cell production, the TPV option would become a viable alternative 
from an energy-balance perspective. 

If development of a gallium photocell proceeds as currently projected, 
an SPS system with GaAlAs colls will result in a payback period comparable to 
CG/CC and nuclear. In any event, the SPS is a viable alternative using 
state-of-the-art technologies, with promise of even better technology in the 
foreseeable future. 


4.5.4 Water 


Overview . As for the land assessment, both a side-by-side analysis and 
an alternative futures analysis were completed for water use. The side-by- 
side comparison is based on the technology characterization data. Scenario 
data are coupled with the side-by-side data to provide water use estimates 
over the 1980-2030 time frame. 
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Table 4.39 


side-by-side Analygja . All 
technologies, except for TPV and SPS, 
require about the same amounts of 
water. The range is 14-77 x 10^ 
m^/GW/ yr (installed). Water use 
for SPS and TPV is negligible. Table 
4.39 summarizes the side-by-side 
data. The entries are the volumes of 
water consumed; withdrawal require- 
ments were not identified in the 
technology characterizations. 


Alternative Futures Anelysis . 

Scenario data do not disaggregite 
coal use by technology. It is 
necessary to make an assumption about 

the ratio of deployment of conventional coal combustion 
Assuming equal deployment, the average water consumption 
m^/GW/yr (installed) for coal technology. For non-solar 


Water Consumption Data 
for Energy Systems, 10^ 
m3/GW/ yr (installed) 


Technology 

Consumpt ion 

Conventional Coal 

77 

LWR 

37 

CG/CC 

14 

LMFBR 

32 

TPV 

Negligible 

SPS 

Negligib le 

Fusion 

39 


range of water consumption is then 32-45 x 10^ m^/GW/yr (installed) 


to that of CG/CC. 
is about 45 x 10^ 
technologies, the 


Since the real issue here is the impact solar technologies might 
have on water consurapt ior. , the precision gained by considering the individual 
technologies is or little value. Therefore, a mid-range value of 40 x 10^ 
m^/GW/yr (installed) is used to estimate these effects. Figure 4.42 illus- 
trates these results. 



Fig. 4.42 Alternative Futures Analysis of Annual Water 

Consumption for Baseload Electricity Generation 
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Deploy .ent of SPS avoids the consumption of 4 x 10^, 6 x 10^, and 
10 X 10^ of water in the year 2030 for scenarios Cl, UI, and UH, respec- 
tively. These are 30Z, 28Z, and 19Z of the amounts thar would otherwise be 

consumed in the respective scenarios. Another point of reference is the 
estimated 8.1 x 10^ m^ of water consmed for baseload electricity generation 
in 1980. 

The main factor driving water consumption (and consumption cf any other 
resource) is energy demand. The saving due to SPS deplo^ent in scenario UH 
is dominated by the issue of supplying roughly 50 x lo" of water on an 
annual basis . Clearly, the probability that the water demands of scenario 
Cl or scenario UI will be met has to be much higher than that for scenario UH. 


4.5.5 Labor 


Overview . The labor assessment estimated the number of workers 
required for o’ mt construction, operation and maintenance, nnd fuel cycle for 
each of the t.;chnologies . Again, both side-by-side and alternative futures 
analyses were performed . 

s ide-by-side Analysis . Labor requirements were developed by the 
technology characterizations activity and are listed in Tables 4.40 and 4.41. 
Table 4.40 lists requirements for a specific plant design and is useful for 
considering socioeconomic impacts during the construction phase and che O&M 
phase. Table 4.41 lists requirements on a per-GW (installed) basis, which is 
useful for ‘he alte native futures analysis. Labor categories are construc- 
tion, operation (including maintenance) , and fuel cycle. 

Except for SPS and TPV, uhere is little difference in the per-unit 
labor requirements for cons .ction; SPS requires the largest crew size but 
a’ so has the largest capacicy, while TPV requires the smallest crew size 
but also has the smallest capacity. These differences are important in 
considering socioeconomic impacts on localities during construction, discussed 
in Sfcc . 4 .6 . 

Annual labor reouirements for operation and maintenance (O&M) are 
s ignificantlj- different from fuel cycl'' labor requirements. The approximate 
numbers of persons required per plant for 04M and the fuel cycle are 900 foi 
coal, 400 for fission and SPS, ^00 for fusion, and 26 for TPV. The large coal 
number is attributable to its fuel cycle (mainly mining) requirements. Opera- 
tion and maintenance requirements are about the sane for all technologies, 
except for TPV. Ihe ratio of construction for re tc force is generally 

about 4 or 5 . However, for SPS the difference araoun,.; .. about 2000 people, 
which could be a significant factor affecting the magnitude of a boom/bust 
transition at a rural location. 


Alternative Fucures Analysis . There is little difference in the 
rci.struct icr labor requirements per GW of installed capacity among the tech- 
no '.o^ es . Since SPS requires the smallest labor force, scenarios with higher 
prnc -ration lates for SPS would result in lower total construction labor 
requirements . 
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Table 4.40 Labor Requirements for Specific Plant Designs 





Technologies 




Coal 

LWR 

LM/BR 

TPV 

SPS 

Fusion 

Nominal Capacity (MW) 

1250 

1250 

1250 

200 

5000 

1320 

Construction Time (yr) 

5 

7 

7 

5 

2 

8 

Labor Requirements 







Plant Construction 
(persons/yr ) 

1100 

1100 

910 

170 

2500 

1100 

Plant Operation 
(persons/yr) 

300 

215 

225 

26 

450 

2003 

Fuel Cycle 
(persons/yr) 

625 

225 

1503 

N/A 

N/A 

— 


NA - Not Applicable 
— - ®-jiall or Negligible 

^Estimate not provided by technology characterization; number assumed 
to enable comparison. 


Table 4.41 Normalized Labor Requirements (per GW) 


Act ivity 

Coal 

LWR 

LHFBR 

TPV 

SPS 

Fusion 

Plant Construction 
(persons/yr) 

880 

880 

730 

850 

500 

830 

Plant Operation 
(persons/yr) 

240 

170 

180 

130 

9 

150 

Fu“l Cycle (persons/yr) 

500 

180 

120 

N/A 

N/A 

— 

NA - Hot applicable 
— - Jtr-all or Negligible 







.'here aia larger differences 

for 

the annual 

0AM 

and the 

fuel 


labor rsoui.r*:taant8 among the technologies. In all scenarios, these require- 
ments are about 13 to 30 times the annual instruct ion requirements for 
coal and the LWR technologies, which dominate the technology mixes. Replace- 
ment of coal and nuclear with solar technologies would reduce these require- 
ments significantly. 

Figure 4.43 illustrates these comparisons. The earlier scenario 
data and the labor data for 04M and the fuel cycle from Table 4.41 form 
the basis for the figure. The reductions in the year 2030 labor requirements 
for O&H and the fuel cycle due to 3PS deployment are about 20,000, 40,000, 
and 120,000 peT’sons for scenarios Cl, UI, and UH, respectively. 


146 



YEAR 

Fig. 4.43 O&M and Fuel Cycle Labor Requirements 

The annual construction labor force for SPS has been estimated at 2500 
persons per installation. Assuming that construction takes place over two 
years and that the cons.ruct ion crew must stay at a single site for the entire 
time period, then the number of crews required (after the first year) would be 
one or two for scenario Cl, two for scenario UI, and four for scenario UH. In 
scenario Cl, the distribution of labor requirements from year to year is 
uneven due to the deployment rate of two systems every three years. 

The skills required are not identified in this analysis. However, 

they are likely to be much different between technologies (e.g., space 
constru tion workers 'or SPS); further treatment of these differences is 
beyond the scope of this analysis. 


4.6 MACROECONOMIC AND SOCIOECONOMIC ISSUES 
4.6.1 Introduction 


This section uses results from earlier sections on scenarios (Sec. 4.1) 
and cost and performant^e (Sec. 4.2). 

Results* of the macroeconomic analysis indicate that (1) if uranium and 
coal supplies a"e highly constrained, then tlie costs due to deployment of more 


*All cost figures in this section are in 1978 dollars. 
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expensive but fuel-saving technologies may be offset by savings in other 
energy sectors (e.g., deployment of 3.3 GW per ye^r of the SPS priced at 60 
mills/kWh could result in a reduction of about $20 billion in energy expend- 
itures for the year 2025, because of savings in nuclear- and coal-based energy 
technologies); (2) deployment of technologies requiring large capital invest- 
ments tends to cause a reduction in the GNP growth rate (e.g., deployment of 
10 GW per year of SPS could reduce the GNP growth rate by 10-25Z in the year 
2000 which, if continued and compounded to the year 2030, would result in a 
$400-1000 X 10^ reduction in a $7 x IO^^-qnP economy); (3) all the constrained 
scenarios are inflationary, because the prices of scarce fuels are higher 
than they would be otherwise; and (4) deployment of fuel-saving technologies 
counteracts to some degree the inflationary aspects of a constrained environ- 
ment, but quantitative estimates are difficult. 

Qualitative macroeconomic assessments on a regional level show that the 
impacts across technologies are quite different, with different regions having 
a vested interest in particular technologies. Similarly, income-class macro- 
economic assessments show that income groups (low, medium, high) have vested 
interests in particular technologies during both construction and operation. 
Public infrastructure costs and social stresses during both construction and 
operation were considered in a socioeconcxnic analysis. During construction, 
these effects may be quite significant for any remotely sited technology; 
however, due to the large amount of construction involved, this issue is 
particularly relevant for the SPS and TPV. All technologies should have 
minimal socioeconomic effects during operation. 

One major potential socioeconomic effect, though controversial and 
unquant if iab le , is that successful development of the SPS could provide the 
technical ard industrial infrastructure necessary for further exploration of 
and industri ilization in space. 


4.6.2 Macroeconomic Analysis 

Calculations performed here are based on data for the years 2000 and 
1’025 because data for these years are available from the RFF model. Results 
1:cr other years are largely based on interpolation and extrapolation of these 
^results . 


Discussion . The average cost of central-station electricity generation 
(excluding fuel) in the U.S. is about 25 mills/kWh for coal and 30.5 mills/kWh 
for nuclear power. These figures may increase somewhat, in constant dollars, 
as mandated environmental and safety controls are implemented. The added 
costs will be compensated for, in part, by gradual improvements in technical 
efficiency. In contrast, the future cost of SPS — as for other untested 

technologies — is quite uncertain. The lower bound of present estimates 
appears to be at least a factor of two above the present nonfuel cost of 
nuclear electricity, or around 60 mills/kWh. This translates to $17.50 per 
million Btu. 

The macroeconomic impact of introducing a high-cost alternative 
technology such as SPS arises from three factors; 
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• Reduced dependence on imports, with possible associated 
effects on international energy prices, the U.S. 
balance of payments, the international value of the 
dollar, the cost of imports, and the volume of exports; 

• Reduced dependence on scarce or constrained domestic 
fuels, resulting in lover domestic prices for most 
forms of energy; and 

• Diversion of capital away from the most productive 
forms of investment, with consequent reductions in 
the rate of GNP growth. 

The relative importance of the first two factors depends on which fuels 
are replaced by the alternative. If SPS were available today, for instance, 
it would have its primary impact on the need for oil imports. Assuming the 
international oil (spot) market is competitive — at least at the margin — 
the direct consequence of a reduction in U.S. demand (say by 1 quad per year 
— 1 quad » 10^^ Btu) would b«» a drop in the international spot price of oil, 
depending on short-run elasticities of demand and supply. Indirect further 
consequences would include an improved U.S. balance of payments, a stronger 
dollar, reduced cost of ether imports, a lower domestic inflation rate, and 
more dollars spent in the U.S. for domestically produced goods and services. 

After the year 2000, however, it seems unlikely that oil from any 
source would be used as a boiler fuel. In such circumstances, SPS would 
effectively substitute for coal or uranium. A reasonable (oerhaps optimal) 
strategy in a constrained economy would be to replace all coal used by utili- 
ties first, since lower coal prices would then result in lower prices for 
syngas manufactured for coal and (because of their direct equivalence) for 
natural gas. Lower costs would also be experienced by the steel industry, 
which is a major coal user. 


Supporting Data . The magnitude of the impacc depends on the extent of 
the deployment of SPS. Some rough calculations of the effect for three 
representative scenarios have been carried out. A set of baseline data for 
GNP and energy use is shown in Table 4.42. Table 4.43 disaggregates energy 
use by fuel and lists the prices by scenario for the year 2025. Figures 4.44 
through 4.46 display supply and demand data for scenarios Cl, UI, and UH, 
respectively. Table 4.44 sunnnarizes the 2025 baseload generating capacitiet, 
SPS deployment, and percentage SPS for the three scenarios. 


Calculating Net Energy Expenditures . In scenario Cl, SPS is deployed 
at the rate of 3.3 GW per year beginning in the year 2000. At this rate, 83 
GW will be in place by the year 2025, about 21Z of the total baseload capacity 
of 391.4 GW. These 83 GW of installed electrical generation capacity, 
operating at a capacity factor of 0.9, could displace the burning of 5.2 x 
10^^ Btu of coal (at a heat rate of 8125 Btu per kWh). Only 3.3 x 10^5 
of coal are burned for electricity in scenario Cl; an upper bound of the 
economic benefit of 83 GW of SPS capacity (2.2 x 10^^ Btu) can be calculated 
assuming that no coal is burned for electricity production, with the remaining 
SPS generating capacity displacing nuclear electricity production. 
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Table 4.42 Baseline Energy/Economic Data 



GNP 

Energy (Quads)* 

Year $ 

10^2 (1978) 

Cl 

UI 

UH 

1980 

2.1 

92.4 

92.4 

92.4 

2000 

3.7 

98.4 

99.6 

132.3 

2015 

5.4 

117.1 

128.8 

169.8 

2025 

6.5 

129.6 

148.3 

194.7 

2030 

7.0 

135.3 

158.1 

207.1 

*1 quad ■ 

10^5 Btu 




Table 4.43 

Energy Use and 

Prices 

for 2025 

Without 


Scenario 

Electricity 


Gas 

Coal 

(Direct) 

Quads* 

$/106 Btu 

Quads* 

$/106 Btu 

Quads* 

$/106 Btu 

Cl 

10.3 

15.76 

45.6 

7.87 

7.6 

3.45 

UI 

14.2 

13.40 

56.2 

5.98 

9.8 

1.66 

UH 

36.3 

13.55 

34.7 

6.29 

15.0 

1.73 


*1 quad “ 10^^ Btu 


To perform these calculations, the change in the price of coal must 
first be determined. The effect of adding a new source in a constrained 
economy is to reduce demand for one of the existing fuels (e.g., coal). 
Consequently, in situations where the market-clearing price lies above the 
cost, the equilibrium (supply ~ demand) price level must drop, as illustrated 
in Fig. 4.44. Demand and supply intersect at point A (from the demand 
schedule for scenario ’’T); the market-clearing price for coal is $1.66 
per million Btu. In scenario Cl, the supply of coal is restricted and the 
market clears at a price of $3.45 per million Btu (point B). A straight line 
through points A and B provides an approximation to the demand schedule. 

Under these conditions, there are four impacts of SPS, provided only 
that output exceeds 3.3 quads: 

(1) SPS displaces 3.3 quads of coal-fired electricity 
(gross) — reducing coal-fired electricity to zero 
— and thereby shifts the demand curve for coal to 
the left by 3.3 quads. This, in turn lowers the 
market clearing price for coal to $3.08 per million 
Btu (point C in Fig. 4.44). 


COAL PRICE C I 978$ PER I O® Btu) 



Fig. 4.44 Coal Demand and Supply, Scenario Cl (2025) 



Fig. 4.45 Coal Demand and Supply, Scenario UI (2025) 
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Fig. 4.46. Coal Demand and Supply, Scenario UH (2025) 


Table 4.44 Baseload and SPS Deployment Data 


Scenario 

Baseload (GW) 

SPS (GW) 

% SPS 

Cl 

391.4 

83 

21 

UI 

589.9 

125 

21 

UH 

1647.9 

250 

15 


(2) The average direct cost of electricity changes by an 
amount depending on the cost and deployment of SPS, 
eccompaniad by reduced costs of electricity production 
by other Lcchnologies . 

(3) The price for gas falls from $7.87 per million Btu to 
$7.48 per million Btu as a result of the fall in the 
price of coal. 

(4) The fall in the price of coal reduces the direct expend- 

iture for coal to be used as industrial boiler fuel and 
feedstock. 

At a price of 60 mills/kWh ($17.60/10^ Btu) for SPS electricity, the 
average direct cost of electricity increases slightly from $15.76/10^ Btu to 
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$15.78/10^ Btu. The price for gas is related to the cost of converting coal 
to gas at an 80% conversion efficiency; the quantity of gas involved includes 
both ccal conversion and natural gas sources. Table 4.43 summarizes these 
data for the three scenarios, with SPS at the appropriate level of deployment. 
There are two entries for electricity in each scenario, one for SPS electri- 
city, one for non-SPS electricity. 

The data in Tables 4.43 through 4.45 provide the basis for the energy 
expenditures listed in Table 4.46. Net expenditure is the total energy 
expenditure without SPS, subtracted from the total with SPS. A result greater 
than zero means that SPS does not trigger enough savings of scarce fuels to 
offset the increased cost of electricity; a result less than zero indicates 
the savings are greater than the increased cost of electricity. 

The calculation of energy expenditures for different SPS electricity 
prices is straightforward (approximated by a linear function of the SPS 
electricity price) given the calculations just described. Figure 4.47 shows 
year-2025 results for all scenarios over the 30-120 mills/kWh range for SPS 
electric ity . 



Table 4.45 Energy Use and Prices for 2025 with SPS 




Deployment 

at 60 

mills/kWh 

(1978 $) 



Electricity 


Gas 

Coal 

(Direct) 

Scenario 

Quads 

$/106 Btu 

Quads 

$/10^ Btu Quads 

$/106 Btu 

Cl 

8.1 

2.2 

15.27 

17.60 

45.6 

7.48 

7.6 

0.08 

UI 

10.8 

3.4 

13.33 

17.60 

56.2 

5.91 

9.8 

1.60 

UH 

2S.6 

6.7 

13.36 

17.60 

34.7 

6.13 

15.0 

1.57 


Table 4.46 Energy Expenditures with SPS at 60 mills/kWh and 
without SPS, for the year 2025 ($ 10^, i978) 


Nat 


Scenario 

1 SPS 

Electr ic ity 

Gas Coal (Direct) Total Expen.iiture 

Cl 

No 

162.3 

358.9 

26.2 

547.4 

-20.4 


Yes 

162.5 

34j ,1 

23.4 

527.0 

UI 

No 

190.3 

336.1 

16.3 

542.7 

9.2 


Yes 

204.0 

332 . 1 

15.8 

551.9 

UH 

No 

491.9 

218.3 

26.0 

736.2 

13.6 


Yes 

513.5 

212,7 

23.5 

749.8 
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30 60 90 1 20 


ENERGY PRICE (MILLS/kWh) 

Fig. 4.47 Changes in Annual Energy Expenditures 
with and without SPS in 2025, as a 
Function of SPS Energy Price 


SPS for any technology that saves scarce fuel*^ 'ts best advan- 
tage, from an energy expeqtditures point of view, in c. iined scenario. 

For scenario Cl, there is a net benefit ti.e., reduction in total energy 
expenditures) when price is below about 90 mills/kWh. In scenarios UI and UH, 
a net benefit results for prices in the 50-55 mills/kWh range. At 60 mills/ 
kWh, a likely level for : > a# indicated in Sec. 4.2, there is a net benefit 
only in scenario Cl. The reason for this is that in an unconstrained economy, 
the primary effect of introducing a high-cost alternative is to raise the 
/iverage cost of electricity, with small compensating price advantages else- 
where. 


Figure 4.48, derived in a fashion similar to that for Fig. 4.47, 
depicts the net changes in energy expenditures that would be expected for 
the various scenarios over the 2000-2030 time frame at 60 and 120 mills/kWh. 
It also illustrates that net benefits n^sult only in a constrained scenario at 
suf f ic lexitly low prices for SPS energy. 


Capital Investments and GNP . To put these expenditure levels in 
perspective ^^ssuming that SPS is selected over the least costly technology - 
i.e., coal - U>r other than economic reasons), the amounts of excess invest- 
ment per year to deployment of SPS instead of coal are $7-17 billion in 
r(^enario Cl, $10^25 billion in scenario UI, and $20-50 billion in scenar' UH. 
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2000 20 1 5 2030 2000 20 1 5 2030 

YEAR YEAR 


Fig. 4.48 Changes in Energy Expenditures for 2000-2030 


Excess energy expenditures at 120 mills/kWh for SPS electricity would soon 
exceed the upper bound on the extra amount of capital investment needed to 
deploy SPS in all scenarios. 

The $20-50 billion range is calculated assuming SPS deplo3nne;tt at 10 
GW/yr, SPS capital costs in the range of $3000-6000/kW, and coal capital costs 
of about $1000/kW. The ranges for scenarios UI and Cl are based cn reduced 
deplo)rment rates of 5 GW and 3.3 GW per year, respectively, and assume that 
there are no increases in SPS costs at the lower deployment rates. 

Annual investment for the present $2 tr i’.lion-dollar economy (1978 $) 
i on the order of $300 billion. At the relatively slow growth rates that 
appear likely for the next twen; y years, a scaled-up $3.7 trillion economy 
with annual investments of the order of $425 billion might be feasible. It 
can be reasonably assumed that replacement of depreciated capital assets 
accounts for at least 6% of annual GNP in the year 2000, or $225 billion, 
leaving no more than $200 billion available to finance economic growth of 
around 2. IX per annum. The "extra" inve.-stment required to build 10 GW of SPS 
per year (scenario UH) after the year 2000 — as compared to the cheapest 
alternative (coal! — would be in the range of $20-50 billion, or 10-251 of 
the investment increment dedicated t.o economic growth. Obviously a less 
ambitious rate of deployment, such as 3.3 GW/yr, would have a smaller impact 
on economic growth. 

This extra investment could possibly cut potential GNP growth rates 
below the target level of 2. IX by 0.2-0.5Z per annum. This drag effect would 
not be offset by low cral and gas prices even in a supply-constrained scenar- 
io. On the other ha.id, the drag would be propo7:t ional ly smaller if SPS 




155 


investment vere held to a level just sufficient to eliminate the use of coal 
fcr electricity production in a constrained economy. In such a case the drag 
could almost certainly be kept below O.lZ per annum. It would also be less 
significant as the economy grows larger after the year 2000. 

Nevertheless, when the effect of compounding is considered, the 
economy of 2030 could be lower than the target level ($7 trillion) by any%ihere 
from $400-1000 billion for scenario UH. Results for the other scenarios are; 
a $300-500 billion reduction for UI , $100-400 billion for Cl. (Growth that 
would likely be created by "spin-offs" from SPS have not been included in 
these calculations.) These results also illustrate the sensitivity of 30-year 
projections in GNP growth to small changes in the growth rate. 


Inflationary Aspects . It must be acknowledged that calculations of 
this kind are predicated on so many uncertain factors that limited weight 
should be placed on them. It is probably enough to say that the capital 
demands of SPS could possibly hold back real economic growth to some degree, 
rfilative to the "cheapest" alternative sources of electric power. Assuming 
that the rate of capital accumulation through savings and allowable deprecia- 
tion remains cons'. ant — or declines — and that capital becomes progressively 
less productive over time (SPS is itself an example), then economic "growth" 
for firms tends to be increasingly financed by borrowing, which is infla- 
tionary. Thus capital-intensive projects like SPS are also intrinsically 
inflationary. However, on this score, the counter- inflat ionary impact of 
reduced coal and gas prices would probably be more significant than the impact 
of financing. 


Macroeconomic Effects of Other Technologies . The earlier calculations 
of energy expenditures were accomplished by first determining total energy 
expenditures without SPS and then substituting a fixed amount of SPS-generated 
electricity for that from other technologies. This requires an assessment of 
the economic effects of reduced demand for a particular fuel, resulting 
generally in reduced electrical generation costs for the technologies that use 
the fuel. To go the other way, that is, to assess the effects of eliminating 
part or all of coal (or nuclear) generating capacity, would require extrapola- 
tion of the supply/demand relationships for those technologies left in the 
power generation portfolio. This is necessary to complete the "with vs. 
without" comparison but is beyond the scope of the present effort. Since the 
scenarios were developed considering equilibrium conditions, it is probably 
safe (and enough) to say that the cost of electricity would rise, perhaps even 
dramatically, if significant amounts of electricity produced by one fuel- 
consuming technology were unavailable and had to be produced by other fuel- 
consuming technologies. This would undoubtedly result in an increase in total 
energy expenditures. Merely elimi.iating one of several technologies that use 
the same type of fuel (e.g., the CG/CC system) would probably have little 
impact on total energy expenditures, assuming that other coal technologies 
covered the difference. 

One exception to the above reasoning is the case of TPV. TPV has been 
included in the scenarios in much the same fashion as SPS, but at about 
one-third the rate of deployment of SPS. Thus, while the nominal electricity 
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price* to the coreuaer of V (60-75 mills/kWh) are about the sane as those 
for SPS (60-70 nills/kV)h), penetration considerations indicate that the impact 
on total energy expenditures (in absolute dollars) would be less than that of 
SPS with the net impact (with vs. without TPV) unresolved. TP'V, like SPS, 
would probably have to be priced below 60 mills/kWh in order to realize a net 
benefit, assuming the same linear supply/demand models for electricity as used 
in the SPS calculations. 

Similar arguments %#ould apply to fusion since it %fould burn an essen- 
tially unlimited fuel. In relative terms, the impact of fusion would be abou. 
the same as that of TPV, since it is oeployed at about the same level as TPV 
in the scenarios and costs about the same at the low end. 

Estimates of the impacts on GNP growth due to technologies other 
than SPS are difficult for similar reasons. The scenarios were developed 
assuming a particular GNP and GNP-energy ratio; principles of equilibrium 
economics were used to determine the technology mix. Thus, estimation of the 
impact on GNP of a technology that is not the least costly is of questionable 
accuracy and value. 

An order-of-magnitude calculation of impact on GNP can be made by 
combining capital cost and deployment data, assuming there are no changes in 
the economics of the other systems. The result can then be compared to SPS 
results . 

Earlier results for SPS were based on the following assumptions: 
a $1000/kW nominal value for coal, a $3000/kW low value and a $6000/kW high 
value for SPS in the year 2000 (which should be compared to the $3400/kW 
nominal and $15,400/kW high vclues listed in Table 4.11 for the GaAlAs 
option). Results for SPS at $3000/kW indicate a lOX reduction in the GNP 
growth rate for scenario UH, 51 for scenario UI, and 3.3% for scenario Cl. 
Nominal capital costs for the LWR and the CG/CC are also about $1000/kW. 
These, along with conventional coal, form the basis for comparison. 

At the nominal $1500/kW for the LMFBR, a 2-1/2% reduction (vs. 10% for 
SPS) in GNP growth rate for scenario UH would be expected if the breeder is 
deployed at the same rate as SPS. The deployment rates for SPS and the LMFBR 
are about the same in scenarios UH and UI, and the breeder deployment rate is 
about 50% higher in scenario Cl. The result is that the drag effect on GNP 
growth due to the LMFBR would be about one- fourth to one-third that due to 
SPS. At the high end (about $6000/kW) of capital costs for the /..MFBR, the 
drag effect would be about t' e same as that for SFS. 

For fusion, the nominal capital cost of about $3000/VW (no upper limit 
of the range is available) is close to that for SPS, b”c the deployment rate 
is about one-fifth that of SPS across all scenarios. Thus, fusion would have 
a nominal drag effect about twice that of SPS for each tcenario. 


Regional Macroecomic Effects . The results of the regional analyses are 
more qualitative than earlier macroeconomic results. Increased coal utiliza- 
tion will provide economic stimulus to the mountain West, the location of much 
of the low-sulfur coal in the U.S. If the power plants are located near the 
coal sources, this will provide an adui,.ional source of economic growth for 
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that region. Tr r-^spoi t ing this coal or tranaoitting this electrical power to 
the coastal regions would result in higher charges for electricity consumed in 
those locations. In contrast, the nuclear options (LWR, LMFBR, and fusion) 
could be sited in any region, minimizing the differences in macroeconomic 
effects between regions. 

TPV is most economically located in areas of high insolation. These 
are primarily in the South and Southwest. Deployment at a significant 
level relative to national electrical energy needa could result in long-haul 
transmission, as in the case of lo%r-sulfur western coal, and subsequently 
higher prices to consumers in other areas. 

It may be possible to site S?S rectennas in every region in the 
U.S. This would minimize regional differences just as the nuclear options 
would. However, if it became necessary to transmit SPS power for long 
distances due to local siting difficulties (or any other reason), regional 
differences would result. 


4.6.3 Socioeconomic Comparisons 

The focus of the socioeconomic analysis is on labor requirements 
of the various technologies, with some- comments on potential, "boomtown" 
effects . 


Table 4.47, compiled from technology characterization data in Sec. 3.2, 
lists the labor requirements of the energy technologies. The average number 
of people on site during construction and during operation (for operations and 
maintenance) are given along with construction time. The entries for SPS 
include onl/ the rectenna site. 

The figures given for construction are for the average work force 
per year over the construction interval. The peak work force would be 

somewhat higher (by about 30Z) than this. Furthermore, families would 


Table 4.47 Energy Technology Labor Requirements 


Technology 

Nominal Capacity 
(MW) 

Construct ion 
Average Labor 
(persons/yr) 

Construct ion 
Time 
(years ) 

O&M 

Labor 

( persons/ yr ) 

Convent ional 
Coal 

1250 

900 

5 

250 

LWR 

1250 

1100 

7 

220 

CG/CC 

1250 

1300 

5 

340 

LMFBR 

1250 

90C 

7 

230 

TPV 

200 

200 

5 

30 

SPSa 

5000 

2500 

2 

450 

Fusion 

1220 

lino 

8 

b 


®SPS figures are for the rectenna construction only. 


t>No t est imated . 
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be relocating with some of the workers, further adding to the population 
(by a factor of about three) of the surrounding area. These population 
increases affect the aaounts of services (e.g., water, sewer, food, housing, 
schools, health care, police, fire protection) required, again adding to the 
population, although creating pemanent jobs for the area in some instances. 
If the site is fairly distant fron a large population center, these impacts 
can be severe for the affected locality. 

On a normalized basis, SPS would require the smallest work force, 

about 500 persons per year per 1000 MV. All others would be in the range of 

700-1000 persons per year per 1000 MW. However, because of the large size 

(5000 MW) of the SPS, its impact would be much greater when compared to any 
other single plant of typical size. If plants were located in po%ier parks 
of comparable size (with regard to capacity) then these differences tK>uld 
decrease, assuming all the plants at a single location trete built simul- 

taneously. Another option for any technology is to extend the time period 
over which construction takes place. This strategy trould lessen the peak 
level of an impact. 


4.7 INSTITUTIONAL ISSUES 
4.7.1 Introduction 


The relative institutional impacts of energy technologies are becoming 
increasingly important in the asaesament of policy priorities for federal 
research, developaMnt, and demonstration expenditures. The environsental 
impact statement process created by the National Environmental Policy Act of 
1969 (NEPA) has been interpreted in many legal opinions to require the con- 
sideration of factors beyond air and wcter pollution. Institutional impacts 
fall within this spirit, even if they are not covered by the letter of the 
law. 


There is a practical, as %iell as legal, basis for institutional anal- 
ysis of new energy technologies. A recent publication of a nuclear industry 
trade organization, the Atomic Industrial Forum, alleges that government 
regulation accounted for an increase in nuclear power plant engineering 
man-hours of nearly 40Z in the 1970s alone. Thus, a comparative assessment of 
the contribution of the Satellite Po%rar System (SPS) to the nation's energy 
resources should include a discussion of the effects of energy technology 
deployment on existing and potential regulatory institutions and the effects 
of these institutions on the deployment of energy technologies. 

This section will compare the regulatory issues surrounding electricity 
systems based on the SPS, coal, light water or breeder reactors, and central- 
ized terrestrial photovoltaics . The comparison is based on the assumption 
that decision makers who must choose between energy technologi :s are inter- 
ested prisMrily in the significant differences between those technologies, not 
in a complete catalogue of all of their characteristics. In the case of 
institutional analysis, this swans that the most relevant information is that 
which highlights the different responses of regulatory institutiona to 
different energy technologies and prnje^.s the impact of these institutions on 
deployment . 
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To perform this analysis, it is necessary to imagine the regulatory 
scheme for each technology at the same stage of development. Therefore, this 
analysis is divided into two parts. Section 4.7.2 will compare the regula- 
tions for each technology as they exist at present, without regard to probable 
future areas of regulatory activity. Section 4.7.3 will attempt to evaluate 
how natioiv* trends are likely to influence technology regulation in the near 
future. 


4.7.2 C omparison of Present Regulatory Schemes 


Approach . Analysis of the overall regulatory schemes associated 
with different technologies will focus on three areas: 

e The justifications for government regulation of energy 
technology. 

e The level of government that is primarily responsible 
for the regulatory task. 

e Uhere possible, the cost of regulation to both the 
government and the owner of the electricity system. 

For the purposes of this section, the term "government regulation" is defined 
as any conscious and systematic government effort to influence the developsMnt 
and deployment of an energy technology that would otherwise be left to 
evolve in the private market place. 


Justifications for Regulation . A recent article by Stephen Breyer^^^ 
represents one of the most up-to-date efforts at an overview of our regulatory 
institutions. He organizes regulations into a number of categories, each of 
which represents a distinct justification for regulation. Justifications, he 
points out, consist of the best "public interest" arguments of those who have 
advocated regulatory measures, regardless of whether these reasons actually 
motivated the governmental action. In effect, these justifications represent 
the best policy explanation of why government does ^lat it does. 

Breyer defines a number of regulatory categories that are not appli- 
cable to the issues being considered here. For the purposes of this section, 
his regulatory justifications can be reduced and adapted to three: 

e Control of Monopoly Power . This category includes all of 
the numerous forms of regulation intended to control the 
freedom of monopolies or lo restrict competition in favor 
of sK>nopolies. 

e Correction for Externalities. This includes any govern- 
ment-imposed requirement intended to prevent the general 
public frus paying for costs that are more properly 
assumed by the entity that creates them. EnvironsMntal 
control regulations, for example, are included in this 
category. 
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• Corr»ction for In«dtqu<t« or I»propr Infoniation . 

This category covers all regulations intended to proetote 
the free flow of inforwation for ita owt sake or to 
restrict the free flow of information for national 
security purposes. 

Regu lations effectuated primarily through the tax system are not included 
in this discussion, except idiere specifically noted. 


Level of Government . Each type of regulation for each electricity 
system will be classified by the level of government that has primary juris- 
diction for enforcing it. Local, state, federal, and international govern- 
mental bodies will be covered. Hybrid bodies, such as regional agencies or 
federal laws that are enforced by state agencies, are classified at the level 
of government that has the most direct potier over their conduct. For example, 
the clean air laws ere considered federal regulations even though State 
Impleswntation Plans guide their use, because the federal government sets the 
standards those Plans must meet. 


Cost of Regulation . A rough estimate of the annual cost of each 
justification for federal regulation will be included for coal and nuclear 
technologies. The figures listed will cover both the smasurable costs to 
taxpayers through the operation of the federal government and the compliance 
costs to industry. A fourth category, "hybrid purposes," will include funding 
levels for programs that fulfill all three of the justifications for regula- 
tions discussed above but which could not be broken down more specifically. 

These figures must be read with extreaw caution because their sta- 
tistics are derived largely from untested sources and thus may be incomplete. 
The sole purpose of this overall analysis is to enable comparisons of the 
differences between orders of sMgnitude of the costs of regulating these 
energy resources. 


Results . As Tables 4.48-4.51 indicate, substantially different regu- 
latory systems are associated with the four different electricity production 
systems under consideration. The regulatory systems differ both in the 
overall burden of regulation and in the levels of government that have primary 
jurisdiction over different aspects of regulstion. Under the least favorable 
circumstances, significant and unprecedented regulatory burdens and conflicts 
could accompany the establishment of SPS. 

Obvious regulatory difficulties inevitably would accompany SPS deploy- 
ment because of its international character. As Tables 4.48 and 4.50 indi- 
cate, neither coal nor centralised terrestrial photovoltaic electricity 
production systems sre fsced with any significant regulation by international 
bodies. Although Table 4.49 reveals that light water and breeder reactors are 
subject to certain international restrictions on proliferation and information 
disclosure, such basic decisions as reactor location, damage liability in the 
event of accident, and permissible emissions are made within the United 
States. Only SPS appears to require an internationally-empowered body or 
negotiated treaties to make the types of decisions listed in Table 4.51 — 


Table •♦.48 Justifications for Regulating Coal Technologi 
at Each Level of Goverrasent 
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Table 4.50 Justifications for Begulsting Terrestrial Photovoltaics 
at Each Level of Govemsent 



Table 4.51 Juatificat ions for Regulating SPS at Each Level of Govemaent 


164 


a 

e 

o 

4J 

a 

E 

« 


• H U 

ja e • 
a a B 
5 o 

•H O" •"< 

a a 

> (4 a 
5^ g 

4i o <-< 

• H *•< 

.a <0 a 

<^3 


aa 

1 


a 

•a 
a h 

I. 

E S a 

a ki 4J 

u « u u a 
6 a a c 

a M 4J •'4 ■ c 

“ u o 
o a -H 
w a a 

M -0 .o 6 a 
Vi -H o 


S I 


H 


(0 o ^ 


o a -H ■ 

a 4J a 

o 

a. 


a 

B 

£ 


a 

Vi 

a 


o 


u 

a 

•a 

a 

a 

Vi 

9 

VI 

u 

9 

Vi 


? 
• H 

B 

V 

a 

% 

00 

CO 

As 

CO 


m 


iJ 5S 


Vi 

a 


a a 

9 '•* 
u u 
VI B 

-I a 

VI B 


S' 

•H 

•o 


a VI 
a B 

H 

o 

y 

-I a 

y > 
VI a 
y TJ 
a 

•2? 

a 

a 


M X 
6 VI a y 

-H • Vi 

VI a a 

S B -I a 
a e a 


•f-** 


a a 
■o “ » 

B a Vi 

a t« a 

-I Vi J5 

a y 

a y -H 
Vi a ■O 

a -H 
•O •« B 

a o 

IM B ■'4 
O VI 

S 3 

O VI i-H 
9 

a -I o 

a 1-4 &, 
8. VI 

■g V 2! 

a -I a 

•-) < » 


o 


■g 

a 

ao 

B 

•p4 

B 

B 

a 


B T3 • 
O B X 

•H 9 VI 

VI IVI ’H 

» VI § 
VI B 
O 

b a 
a -4 0 
a a 

••4 > VI 

y a 6 




•g I 


a a 

a 

a a a 
VI a y X 

9 ay 
') y M Vi 

B a 6 a FH 

o ja a a a 

y y 7) a 9 

aocao- 

< 3 u « w 


a > B 
y a -y 
9 B -O 

5-2 § 

I— I VI <Vl 

y y 

a 'y VI 
•y y - B 

■O VI B 

a “ 
a 

a y y o 
•y a v4 
y >« i a 
•y y C > 
y <y o a 
9 y «y t» 
y 9 B 
a y -y <a 

a a fi 
a <y a 
a o 


ay y B a 

Is. a ;-s I 


■ y f4 

a a a 


a a I y 

y B 6 y 

s..2-g : 


u ^ 

■ m 


S m & ^ 


Ui 


■? 

a 

B 

y 

<y -y 
O y 

y 

a y 

y * a 
a y Frf 
y a a • 
•y 9 a 
•y y vy a 

•y y .y y 
y ’y a a 
y y y y 


c 

ago 

y 0 .y 

a y y 

a a ^ y 

y « » 9 

•y B a 'O 

a o f 4 M o 

•y a y y 

a y .y i] a 

B y y X 

B a y y <y 

a f 4 a a v4 

y a 9 .y a 

y a •Q 'O y 

£ 3 


a 

B 

£ 


y 

3 


a 

B 

£ 


a 

a 

a 


a 

B 

£ 


B 

O 


a 

y 


•y Oi 

o 

K 

E a 

y 0 

II 


O u 

44 t) 
•s4 

6 w 
0 -w 

••4 ^ 

2 E 

y a 
y y 
0 M 
U H 


y o 

O <M 
B 

a M 


a ^ 
I&B 

a o o 


y 

a 

y aj y *y 
y a cv y 

o B ■ a 

u M M i 


165 


decisions which, like orbit eveilabil ity , would vest in foreign countries 
the control over the right to produce end trensmit energy. The United States 
Government would have to be prepared to accept the inevitable extra bureau* 
cratic delay that accompanies such complex decisions 

The international regulation of the SPS is likely to increase the 
amount of regulation required at the federal level. As Table 4.51 indicates, 
the 1967 Treaty on Principles Governing the Activities of States in the 
Exploration and Use of Outer Space, Including the Noon and Other Celestial 
Bodies and the 1972 Convention on International Liability for Damage Caused By 
Space Objects both guarantee that the United States Government will pay for 
damages resulting from any SPS activities undertaken with its assistance, 
regardless of negligence and regardless of the extent of direct government 
sponsorship. It is logical to assuaw that the federal government will insist 
on a powerful voice in the operation of any entity «^ich, like the SPS, could 
incur substantial liability for which American taxpayers would ultimately be 
responsible. 

Table 4.52 lists the similarities and differences between the costs 
of regulating coal and regulating nuclear-generated electricity. This compar- 
ison has important implications for SPS. Although the coats associated vith 
each justification for regulation make up about the same percentage of the 
total coat of regulating coal as of the cost of regulating nuclear-derived 
electricity, the total costs associated with the nuclear opti'tn exceed those 
of the coal option by more than 50Z. Moreover, the bulk of the extra money 
spent on nuclear regulation appears to be concentrated in two areas of 
justification — "correction for externalities" and the "hybrid purpose" 
categories . 

The reasons for these differences between costs for coal-electric 
and nuclear-electric regulation could provide important indications of what 
trould happen if an SPS system were deployed. If the specific programs within 
the nuclear "correction for externalities" and "hybrid purpose" categories are 
examined, it becomes apparent that the bulk of spending is on various research 
and development activities. Progrmss like back-end fuel-C 3 rcle waste manage- 
ment and civilian reactor development account for a large percentage of the 
total costs in their respective categories. Coal regulatory costs, on the 
other hand, result from regulations aimed mainly at mitigating adverse impacts 
that already are relatively well-organised, e.g., protection of miner health 
and safety and control of surface mining externalities. 

The fact that a large portion of the nuclear regulatory spending 
is on research and development activities intended to improve safety may 
reflect a r' re general concern that could also affect the SPS. Nuclear- 
generated electricity is one example chosen by Talbot Page in a recent 
article^^^ to illustrete the "sero-inf inity dilesmM," which Page defines as 
the question of whether a decision to proceed with a technology should ever be 
made if that technology could result in a virtually infinite catastrophe even 
though the probability of sjch an event is virtually sero. It is clear 
that the United States Government has decided that a nuclear accident that 
results in a high-level rao'stion releeae into the environment would be 
infinitely costly and therefore intolerable; the substantial spending on 
research and development illustrated by Table 4.52 testifies to the ccomiit- 
ment of the government to reduce the probability of such an accident to 
zero by effective preventive measures. 


Table 4. 52 Coaiparative Coat Eatiaatea (in 1978 dollara) for Federal Regulation 
of Coal and Light Water Reactor Electricity Production Syateaa 
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If the SPS ie perceived to preeent e sero-inf inity dilemme, it it 
probable that ita regulatory costs will look leuch nore like those of nuclear 
power (Table 4.52) than those of coal-fired electricity. Like nuclear power, 
the SPS would be faced with continual regulation. Its internat ional character 
■ight not provide an "escape route" around United States regulatory require- 
■ents — the rest of the world cannot be expected to be any aore willing to 
perait even a saall poasibility of a catastrophic SPS accident for the sake of 
supplying energy to the United States than the United States has been willing 
to risk a catastrophic nuclear accident within its own borders. 

Of course, whether the SPS does present a aero-infinity dileama as 
serious as nuclear power is a question on which there is no consensus. 
How serious an accident must be to became "catastrophic" and how saall the 
probability to be viewed as "iapossible" are political decisions that this 
study is intended to facilitate. It is important to recognise, however, that 
when a technology has coae to be perceived as posing a aero-infinity dilea- 
aa, the total costs associated with regulating it could becoae a determinant 
of its economic viability. 


4.7.3 Regulatory Trends 

The comparative evaluation of the regulatory system that is likely 
to accompany any of the technologies considered here will continue to evolve. 
The extraordinary public attention that has been focused for a variety of 
reasons on energy production over the past ten years appears to be having a 
long-term impact on the ways in idiich the problem is being perceived and 
resolved. The purpose of this section is to analyse some of these trends in a 
qualitative fashion. 

In concluding that "the weighc and importance of the decentralisation 
trend in America is greater than the 150-year-old trend toward more centrali- 
sation," John Naisbitt^B^ calls attent to developments that have important 
implications for the regulatory system .. .at would be associated with the SPS, 
as well as other electricity production technologies. Naisbitt states that if 
the decentralisat ion trend continues, it is likely to cause intergovernmental 
conflicts in the regulation of all electricity technologies, but especially 
the SPS. He further contends that increasing decentralisation probably will 
make uniform regulations more difficult than would otherwise be the case. Of 
course, it io dangerous to draw too many conclusions from such recent devel- 
opswnts. Nonetheless, it is important to understand their implications in the 
event they become long-term realities. 


Intergovernmental Conflicts . As Naisbitt^®^ points out, numerous 
events suggest a growth of power among states and communities at the expense 
of the federal government. Increasing activity on the part of regions, 
states, and local governments is leading to greater assertion of decision- 
BMking authority by these entities. Naisbitt illustrates this trend with 
examples of states and localities that have tried recently to gain regulatory 
control over certain stages of the nuclear fuel cycle, including siting, 
transportation, and disposal of nuclear materials, and disaster emergency 
plans . 
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Th« prece.it conflict between federal and local governaaenta in the 
context of nuclear power could be even worse in the case of the SPS. Several 
studies^^^'^®^ rf the SPS have concluded that an international regulatory body 
probably *>}uld be desirable for regulation of the technology. If this aove 
to c^t'cralixe energy technology regulation cooies at a tiae when the doainant 
n/iiiional trend is exactly the opposite, substantial intergovernaental duplica- 
cion and conflict could reault, not only between the federal and local govern- 
aents, but also between local governaents and the international regulatory 
body. For exaaple, Kotin^^^ suggests the possibility that states could 
atteapt to regulate aicrowave exposure levels to their citixens — an area 
ripe for international regulation if the SPS is deployed. 

Such disputes, should they arise, could cause unexpected delays, 
costs, and uncertainties in the deployawnt of the SPS. While it is true that 
world*-wide coaaitaent to international regulatory bodies such as the Law of 
the Sea Conference and the International Whaling Coaaission has grown in 
recent years, these bodies derive their authority to regulate the United 
States froa the federal goveriwient. If the decentralisation trend should 
continue, it is conceivable that state and local interests would reduce the 
ability of these international regulatory bodies to govern effectively- For 
exaaple, recent litigation on behalf of Alaskan Eskiaos to exeapt their 
whaling activities froa regulation by the International Whaling Caaaiission aay 
be decided in their favor, despite vigorous opposition by the federal govern- 
aent . 


Hon-Unifora Regulation . Regardless of whether the difficulties sug- 
gested above aaterialtse, great potential exists for the SPS regulatory 
systea, concurrent with other centralised energy technologies, to becoa^ aore 
expensive than is predicted. Maisbitt^^-^ concluded that governaents “have 
stopped looking for the one best way to accoaplish a particular social 
goal, and are now experiaenting with a wide variety of approachea." If the 
decentralisation trend continues, the regulatory systea for any of the 
electricity techvologies covered in this section — at whatever level of 
gove rn a e nt that is vested with priaary jurisdiction — will likely have to be 
sufficiently flexible to naeet this dcaand for individuality. The cost advan- 
tages of the unifoia regulatory systea that would noraally evolve will be 
reduced as the systea becoacs unwieldy in the atteapt to please widely 
divergent constituencies. Although the President has proposed a new regula- 
tory body whose explicit purpose is to rouncer^ct this tendency, it is unclear 
whether his objective will be aet. 


4.7.4 Snaaary 

Institutional (regulatory^ considerations arc increasingly affecting 
the viability of new energy tech .ogies. A coaparison of regulatory scheaes 
for the 8P8, coal, nuclear, and terrestrial ^otovoltaic technologies suggests 
that the SPS .:ould be faced with unprecedented regulatory burdens as a result 
of the noeber of jurisdictions that aight seek to govern it. Horeover, this 
trend could be exacerbated by the developing tendency of local governsMntal 
unita to atteapt to gain regulatory control froa the ' governaent. 
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5 ASSESSMENT 00NCLU8KWS 


5.1 INTROINJCTION 

The objective of this aseceeaent ia to pro\ Ida a traceable and con- 
aiatcnt coapariaon of the SP8 and aolectad energy teehnologiea operating after 
2000. nte approach in thia coaparative aaaeaaaent «aa to analyae each of 
the teehnologiea iaaue by iaaue (aide-by-aide analyaia), on the baaia of 
a preaclected aet of iaauea, and then to do an analyaia that evaluated the 
teehnologiea, given different poat-2000 econoaic cliaatea and the econnic 
trajectoriea that would lead to thoae cliaatea (alternative futurea analyaia). 
The alternative futurea analyaia waa elao perforaed iaaue by iaaue, although 
aoae iaaue analyaea were qualitative and therefore relatively inaenaitive to 
quantitatively defined econoaiic futurea. 

It ia the goal of thia aection to foraulate aoae concluaiona on the 
baaia of the analyaea deacribed in earlier aectiona of thia report and the 
supporting docuaenta. Becauae the analysia waa perforaed in two waya, 
two different typea of concluaiona will be reported. The firet type w;:ll 
focua on the iaaue-by-iaaue analyaia (aide by aide) and incorporate the key 
iaauea for each technology. Concluaiona will be aade in each aajer iaaue 
category (e.g., health and aafety) by looki'* acroaa the teehnologiea. The 
eecond type of conclusion will be concerned with the paraomters (e.g., energy 
deaand and fuel prices) of various futurea and will include stateoants about 
the coaparative viability of different supply paths. Concluaiona will be 
foraulated in thia case for aixea of technologies in different demand sce- 
narios. These two typea of concluding analyses will fora the basis of thia 
section. No atateaents regarding the overall viability of the SPS concept 
will be aade. Such a statement is the objective of the overall CDEP program, 
of which this aasesaaent is only one part. 


5.2 SIDE-BY-SIDE CONCLUSIONS 

Tables 5.1 through 5.6 summarise the coapariaon, issue by iaaue, among 
the seven technologies. The comparisons in these tables are deacribed 
in terms of key iaauea, uncertainties about the understanding of those issues, 
and a concluding comparative statement that cuts across all technologies for 
that issue area. Only one or two key issues were identified for each tech- 
nology unless several were equally important. 


Cos*- and Performance . Ihe SPS is economically competitive with coal 
and nuclear energy prices if high coal and nuclear fuel prices continue and if 
further environmental regulations continue to raise the capital coats of these 
technologies at a rate substantially above inflation. However, if the capital 
costa of coal and nuclear technology rise because of the increasing regulatory 
restrictions, the regulatory climate will be such that it may also effect the 
coat of SPS. If coal prices increase at a rate only moderately above infla- 
tion, the probability that the SPS will be competitive with coal energy is 
relatively small until after the year 2000, althou^ this result is dependent 
on the amount of coal use. 


Table 5.1 Cost and Perfonance: Key i.^sues. Uncertainties, and Coaiparative Conclusions 
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Table 5.4 Resources: Key Issues, Uncertainties, and Coaparative Conclusions 
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The cost ranfcs of all the advanced Cechnologiea (i.e., SPS, terres- 
trial photovoltaic, and fusion) appear to be approxiMtely the saae, but, 
given the large uncertainties and judgaents about each of these technologies, 
no conclusion can be aade regarding the viability of one relative to another. 
The coat drivers of each of these technologies have been defined, but it is 
difficult to come up with uncertainty bounds around each of the cost drivers. 
More detailed design and cost evaluation studies would be required on each of 
these advanced technologies to deteiaine relative economic viability. 


Health 6 Safety . The satellite power systesi offers no overall health 
and safety advantages over the conventional technologies. The probleas are 
more defined and the status of public knowledge is greater for the conven- 
tional technologies, but the problems that are still undefined for these 
technologies are no closer to solutions than those of the SPS, and uncertainty 
in such risks can only be quantified by long-term study. The problem of 
determining the risks associated with low-level human exposure to microwave 
radiation (specific to SPS) is similar to the problem of determining risk from 
low-level ionising radiation (specific to nuclear) or air pollution (specific 
to coal). The difficult task in studying these areas is to develop impact 
analyses at low levels, and each will probably take years of careful research 
to detensine the true impact. If the concern with health and safety con- 
tinues, the effect on SPS can be expected to be similar to that on coal and 
nuclear technologies. 

Terrestrial photovoltaics and fusion may offer fewer public health and 
safety problems and long-term undefined risks than do the conventional tech- 
nologies and SPS. With the exception of the tritium problem for fusion, the 
risks now associated with these two technologies appear to be less than the 
risks from the low-level radiation or air pollution problems associated with 
the other technologies. Therefore, terrestrial photovoltaic and fusion may 
not be as restricted by hasards that cannot be quantified within the period of 
technology implementation. 


Environmental Welfare . Each technology has a different set of environ- 
mental welfare problems. Among these, the climatological impacts of increased 
CO 2 levels have the greatest catastrophic potential, but it must be pointed 
out that electricity production from coal causes only a ssuill part of the 
CO 2 problem. The microwave problems resulting from implementation of the 
SPS system will take many years to solve, and the viability of a solution may 
not be known until after a system is built and operated. 


Resources (Land, Materials. Energy. Water. Labor) . The biggest issue 
in this area is the consumption of large contiguous land areas by the SPS and 
terrestrial photovoltaic systems. The terrestrial photovoltaic systems are 
designed in smaller capacity levels, i.e., 200 MW, so that large contiguous 
blocks of land would not be required for siting. However, the overall land 
use is approximately the same as that of the SPS. If the SPS is designed in 
ssMiller sises (less than 5 GW), the need for large contiguous land areas may 
not be as severe a problem, but overall land consumption will probably be a 
continuing concern. 
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Fuel suppliet, perticularly uranim, could ba a problaa after 2000 
if incraaaint uae of electricity continues in the next 70 years. If the 
deaand for electricity continues to fall off as it has in whe last several 
years, then the uraniua supplies for use in LHRs could go on £or many years 
beyond the time horiion of study (2000-2030). The introduction of the UIFBR 
would eliminate uranium resource concerns. 

Terrestrial photovoltaic systems, particulary those using silicon 
cells, have a very poor energy payback because of the energy intensity of 
silicon cell production. If the energy requirements of silicon cell produc- 
tion are diminished, then energy payback does not appear to be a problem. 


Economic/Societal Issues . The SPS, TPV, and fusion are different 
technologies than these currently producing electricity and will entail auiny 
new industries that will require large inveatments in infrastructure. These 
large investments, coupled with the capital intensiveness of the technology, 
could have the largest impact on the GNP compared to the other technologies. 
The infrastructure and R&D costs for TPV and fusion have not been estimated; 
however, because the SPS would require many different types of systems (space 
transportation, space construction), many new types of jobs and training would 
be created to support it. 

Nuclear and fusion technologies would not be as regionally biased as 
would the other technologies. Terrestrial photovoltaics would probably be the 
most regionally applied technology because its implementation is determined by 
climatological factors, and the proper climate is only available in certain 
areas of the country. 


Institutional Issues . The environamntal regulatory clisMte for coal 
and nuclear technology has increased substantially in the last 10 to 15 years. 
If this trend continues, the advanced technologies may aAso feel these 
institutional restraints at early stages of their developawnt. SPS raises 
additional institutional questions because of its international nature. 
Institutional restraints concerning orbital ownership and microwave exposure 
standards pose the most serious institutional questions for the implementation 
of an SPS technology. As serious as the regulatory difficulties are within 
the United States, the international isrues will most likely be even more 
difficult . 


5.3 ALTBRMATIVB FUTUUS OONCLUSIONS OF THE OONPAXATIVE ASSESSMENT 

The energy supply/demand analyses that were part of this assessment 
produced several energy-demand and supply trajectories for the future. 
The two extremes of these scenarios are discussed here to form conclusions 
about the comparative viability of the SPS in an alternative futures frame- 
work. The other scenarios not discussed in this concluding section are 
intermediate cases and offer no more perspective on SPS and the alternative 
technologies. 

The two scenarios that were ckosen were the unconstrained high energy 
demand scenario and the constrainer^ intermediata demand scenario. These 
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two •concrioa art roforrod to as UH and Cl, raapactively. Tha unconatrainad 
high acanario (UH) ia a aituation in idiich tha coat of alactrical anargy 
froo eonvantional aourcaa doaa not riaa at a rata ouch graatar than inflation 
and tharafora ranaina ralativaly chaap. Tha availability of chaap anargy 
■aana that tha danand for alactrical anargy froa thaaa aourcaa will continua 
to riaa. It alao aniana that conaarvation and aubatitutaa for thaaa aourcaa of 
anargy would not panatrata to a graat degraa. 

Tha othar anargy danand acanario (Cl) ia the conatrainad intamadiata 
acanario. In thia aituation tha alactrical danand ia low bacauaa of tha 
incraaaing coat of anargy dua to ragulatory conatrainta on tha utiliaation of 
coal and nuclear anargy. Fuel pricaa would riaa, and conaarvation and othar 
anargy aubatitutaa would dininiah danand for electrical energy fron thea'i 
aourcaa, thua lowering tha ovarall danand for electrical energy. 

Three different nixea of en*rs;y supply were exanined for each of 
thaaa acanarioa (Table 5.7). Theaa nixaa of energy aupply were aelectad to 
illuatrata diffarancaa in naating thaae radically different desMnd acanarioa. 

Supply optiona 1 through 3 are evaluated for danand acanario UH for 
each of tha conparativa iaauaa in Table 5.8. Supply optiona 4 tnrough 6 are 
evaluated for danand acanario Cl for each of the iaaue areaa in Table 5.9. 

Looking acroaa the different aupply optiona for energy denand UH, it 
appaara that tha conventional energy ayatena will bring about the loweat coat 
of energy for all caaea if they reauiin relatively unconatreined . However, 
along with thia low coat o.f energy, future health inpacta and aafety problena 
with coal would no doubt bec«e awre aevere. In addition, aince coal would be 
heavily uaed becauae of incrvaaed electrical production, it irould be expected 
that the weatern atatea would continue their very rapid developnent. The 
utiliaation of the SPS, aa deacribed in aupply option S2, would linit the 
production of energy fron nuclear only to LWRa and then replace thia with SPS. 
Since SPS can be expected to coat nore than theae unconatrainad conventional 
tcchnologiea, the overall coat of energy would riae. However, aince the LMFBR 
would not be iaipleaiented , many of the health aafeguard iaauea would not 
be of concern, but they would be replaced by the SPS health and aafety 
iaauea. It ia not expected that the CO 2 problea would be leaaened in the 
early poat-2000 tiaM frane, becauae the relative change in electrical energy 
production froa coal could be aaall coapared to the overall production 
of global OO 2 . In both aupply optiona S2 and S3, the introduction of a new 
technology (i.e., SPS or fuaion) introducce new induatriea that would require 
large inveataenta. In addition, the large coal booa that will exiat and will 
laat until fuaion or SPS becoae available would aoat likely drop very rapidly 
and produce a booa/buat cycle. 


Aaong the three aupply optiona for the conatrai"*! interaediate daaand 
caaa, aupply option S4, the conventional one, would probably have the loweat 
anargy coat. Howevar, becauae all anargy technology would probably be 
conatrainad, it ia expected that all three of theae caaea would have higher 
energy coata than thoaa deacribed in danand acanario UH, unconatrainad high. 
If the electrical energy growth ia indeed conatrainad and aubatitution doea 
occur in the fora of other energy aupply conaarvation, then the conven- 
tional fuel reaourcea (i.e., coal and uraniun) will extend further into the 
2lat Century and therefore require very little in the foni of other tech- 
nologiea for replaccaent. Supply acanarioa 84-86 replace each of theae 
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Table 5.7 Inergy Supply Optiona 


Supply Option 


Daacription 


Si Conventional Conventional coal coabuation and coabinod<-cycle 

planta and nuclecr LHIa with advancaaont to LMFBKa 
BMke up thia aupply option. Coal and uraniua 
would be continually uaed in conventional aourcea 
until they are replaced by sore improved aystaaM, 
e.g., coabined-cycle coal gaaification and the 
LMPBR. 


S2 Conventional fuel This aupply option includes the use of coal, with 

utilisation pits SPS nuclear only in the for* of the LWR replaced by 

the SPS when fuel prices for uraniua either riae 
too high or the reaource is depleted. 


S3 Conventional fuel This option utilises coal with nuclear, in the 

sources plus fusion fora of both the LUR and LMPBR, and replaces these 

systeas with fusion. If fusion is not available 
when the LWR fuels are running low, the LMPBR 
would be utilised until fusion technology is 
available. 


84 

This is the saae as 
Supply Option 1. 




85 

Conventional systeas 
plus SPS. 

Sai 

le as Supply Opt ion 2 . 


86 

Conventional systeas 
plus fusion 

In 

to 

this case since the energy deaand 
be low, only nuclear LWRs would be 

is expected 
used until 


fusion would be available. Since the energy 
deaand is low, it is expected that the uraniua 
fuel would last until fusion technology could be 
applied . 


conventional technologies, coal and LWR, with the MfPBR or SPS or fusion. It 
would be very difficult to project the energy costs in the constrained, 
heavily environaental ly regulated econoay, to coapare these latter supply 
options. However, it is expected that the availability of SPl^ or fusion 
aight bring down the cost of energy froa depleted fuel sources boceuse these 
resources would no longer be utilised. In all cases, for energy deaand 
scenario Cl, the requireaent for an advanced technology is diainished for a 
couple of decades into the 21st Century; therefore, the deciaion tiae aa to 
which advanced technology or technologies would replace conventional sources 
is delayed and would probably have very little effect on the overall future 
energy supply and deaand. 
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Table 5.8 


Evaluation of Bnargy Supply Options Sl**S3 for Daaand 
Scenario UH - Unconstrained, High Oesuind 


Semsrio Paftiiltioii 

Insrsy DsmiiS B**rSy tusyly Coaparativ* Aiialjraia 


■ lactrical anaify 
SaMiid ia hish 
kacavaa coal and 
nuclaar anarsy 
ranain ralativaly 
chaap. Sasulatien 
inpoaitiona will 
not sat nuch 
larsar. Conaar- 
vation and aub- 
aitution do not 
ponatrata to a 
graat dasraa. 


SI - Convant ional 

Coal 

Inarsy Coat 

Low bacauaa coata of conaan- 

(Cona. and OC/CC) 

anclaar (LNS, LMTSB) 

Oont inwad uaa of conaantional 
aonreat with inprovad ayatama. 
LNFM could provida anargy 
for nany yaara . 

llaalth A 
Safaty 

Bnaironmantal 

Halfara 

t ional aourcot ramain rolatiaoly 
lowaet of all acanarioa . 

Poaaibla impact of furtl.or coal 
uaa and nuclaar aafaguard iaauaa. 

Halfara; OO 2 could bacoma a 
problem aftar 2000. 



Boaourca 

Honranawab la fual euppliaa 
continua to ba daplatad. 



Economic/ 

Sociatal 

Continuad davalopmant of coal 
mining and lachnology in waatam 

atatoa 



Inatitut ional 

Minimal impact bacauaa rola of 
rogulatory bodiaa will ramain 
ralativaly conatant. 

S2 - Conaantional 

* SPS 

Bnargy Coat 

Highar onorgy coat than Si 

(Coal, LMt, SPS) 



bacauaa of daplating uranium 
atocka and tha introduction of 
a now tachnology. 

Conaantional ayat( 
bo uaad until tha 
inpltaantad . 

na will 
SPS ia 

Haalth « 
Safaty 

Nany now haalth iaauaa aaaociatad 
with SPS. but conaantional prob- 

lama dacraaaad. 



Bnaironmantal 

Halfara 

Potantial OOj impact ia net 
changad bacauaa of etbar uaaa: 



Baaourcoa 

Incraaaad land conaumption, con- 
tinuad uraniia daplation. 



Bconomic/ 

Sociatal 

Maw tachnology will affact tha 
aconemy bacauaa of larga inaaat- 
manta; waatarn atataa could go 
through a boom/buat c)rclo with 
coat . 



Inatitut ional 

A whola now aat of intaractiona 
will davalop bacauaa of BPS. 


S3 - Conaantional ♦ Puaien 

Bnarty Coat 

Highar than SI; alightly lowar 

(Coal, LNS, LNBPB, and 


than S2. 

Put ion) 

Haalth S 

How radiation problama. 

Conaantional ayatama includ- 

Safaty 

Bnaironmantal 

Same aa SI. 

ing aoma form of braodor 

Halfara 


until fuaion tachnology ia 

aaailabla. 

Baeourca 

Smma aa SI . 


Sconaalc^ Similar to S2 but probably not 

hiatal ~ aa sraat . 


Inatitut ional Swelaar fiat ion rnsnlatory bodiaa 
will probably bandit fuaion. 


1«1 


TabU 5.9 Evaluation of Bnargy Supply Optiona 84-86 for Dasand 
Scenario Cl - Conatrainad, Intatvadiata Daaand 



■Itctrical Mcrty 
a«Mna it low 
k«cMM rcgula- 
tioiia ana fual 
^ricaa hava arivau 
up tha eaat af 
aaarajr. Oaaaar- 
vatian ana athar 
aupplp aubatitu- 
tiana ara 
aalactaa, tharabj 
laaaaninp tha 
aanana far alac- 
trical anargy. 


M - Canvantianal 
^Caal, LHI, UVU) 


lacauaa af law alactrical 
aaoana, eanvant ianal aupply 
ayataaa cauia ba uaad far 
■any yaara (i.a., fual 
atratchaut). braaear cauld 
ba iMplaaantad uhan fwala 
ara daplatad (a.g., 20M). 


Inara* Caat 


■aaltb 4 

tafaty 


inairawantal 

Walfara 

Baaaurea 


Icanaaic/ 

■aclatal 


■ Igh bacauaa af t-uatrainad 
eanaantianal aaurcaa. 

■attar than tl bacauaa af da- 
craaaad uaa af canvantienal 
tacbnolagiaa. 

Rat nuch diffcrant than tl. 


Daplatina fual auppliaa but at 
a lau rata. 

Nadarata daaalop t nt af uaatam 
atataa. 


tS_j;_Canaantianal * tPf 
ICaal, LHR, and STt) 

Bacauaa of low daaand for 
alactricity, ttt would not 
ba ra^uirad until latar 
(c.g., 2020). 


Inatitut tonal 
■naray Caat 


■aalth * 
Saftty 


Inyirona 

Walfara 


Itrong ragulation. 

Lower than 84 bacauaa raplaca- 
■ant technology will hold down 
fual pricaa aow a u h at . 


SaM aa S3. 


S4 - Conventional * Puaion 
(Coal, LM, LNPBR, and 
Puaion) 

Bacauaa of low daaand for 
electricity, fuaion would 
not ba needed until latar 
(a.g., 2020). 


Baaourca 

Beonewie/ 

Bociatal~ 

Inatitut ional 

Bnargy Coat 


■aalth t 
Safety 


Bnvironaantal 

Walfara 


Land conaunption, depleting 
fuela . 

Sane aa S2 but booa/buat would 

be leaa. 


Lower than B4, naybe leaa than 
SS. 

■a- radiation problaM. 

tmm aa Si. 


Baaourca itmt aa SI . 

Bconowic/ tiailar to S2 but dUiiniahad 

Societal boca/buet. 


Inatitut ional 
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5.4 CONCLUDING REMAMS 

Within the limits of present knowledge, it is expected thst the cost of 
the SP8 would be higher then thst of the conventional technologies, its 
environmental problems different, and its resource consumption (in the form of 
land instead of fuels) no less important. However, this conclusion probably 
results in large part from the character of the SPS reference design. Conven- 
tional technology and ideas are incorporated into this refer<'nce design; they 
make it the most believable SPS concept but possibly not the most viable. A 
*ore advanced SPS concept might compare more favorably to the conventional 
\ hnologies, but would be difficult to characterise. However, in order to go 
forward with such a large new venture as SPS, it is important that the pa 3 roffs 
bt significant. Therefore a SK>re advanced SPS concept might provide the 
margins of benefit that are needed to support such a large new technological 
venture. For example, the introduction of a different, more intense form of 
microwave transmission could reduce the land requiresMnts, the microwave 
impacts, and the overall coat of the technology. Each one of these impact 
areas is a sensitive issue for the current SPS reference design. Therefore, 
it should be noted that the comparative assessment reported in this docuamnt 
considered only one concept for the SPS design, and that others, although much 
more advanced, may compare more favorably than the one chosen. 
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